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SUMMARY 
Ion p a i r format ion has been p o s t u l a t e d to e x p l a i n a number o f 
e f f e c t s which are evidenced i n po l a rog raph i c s t u d i e s of the e l e c t r i c a l 
double l a y e r . Prev ious to t h i s work, however, s t ud i e s which r e s u l t e d i n 
the c o n c l u s i o n tha t i on p a i r s were present were conf ined t o p o l a r o g r a p h i c 
means. I n the present s tudy , use was made of a p o t a s s i u m - s e n s i t i v e e l e c ­
trode t o determine i f ion p a i r i n g was an e f f e c t on ly o f the double l a y e r 
or i f t h i s phenomenon were present throughout the bu lk of the s o l u t i o n . 
The ex t en t o f ion p a i r i n g was s tud ied as w e l l as the e f f e c t s o f ion p a i r 
format ion on the e l e c t r o d e r e a c t i o n . 
Cadmium complexes o f e thy lene b i s ( o x y e t h y l e n e n i t r i l o ) N , N , N ' , N ' 
t e t r a a c e t i c a c i d (EGTA) wi th a suppor t ing e l e c t r o l y t e of potass ium n i t r a t e 
were s tud ied both p o l a r o g r a p h i c a l l y and wi th the p o t a s s i u m - s e n s i t i v e e l e c ­
t rode to determine the ex ten t of i on p a i r i n g between the cadmium-EGTA 
complexes and potassium i o n . pH t i t r a t i o n s of EGTA with and without 
cadmium and potassium present a l lowed the c a l c u l a t i o n of a c i d i t y con­
s t a n t s fo r the a c i d and i t s cadmium and potassium complexes. From these 
cons tan t s the r e l a t i v e d i s t r i b u t i o n o f the cadmium complexes at va r ious 
pH va lues was c a l c u l a t e d . 
Al though ion p a i r i n g showed no n o t i c e a b l e e f f e c t s upon the a c i d i t y 
of cadmium-EGTA complexes, the ,ion s e l e c t i v e e l e c t r o d e s t u d i e s gave good 
evidence for the formation of such p a i r s . A formation cons tan t o f 10 was 
c a l c u l a t e d for the formation o f the ion p a i r K(CdEGTA) . I t was p o s t u l a t e d 
v i i i 
t h a t the p a i r i s a mixed meta l complex. 
The po l a rog raph ic study here was performed u t i l i z i n g ins tan taneous 
d . c . po la rography . Da ta treatment was accomplished through G i e r s t p l o t s . 
R e s u l t s from t h i s study i n d i c a t e d format ion o f i on p a i r s i n a d d i t i o n to 
t ha t shown in the i o n - s e l e c t i v e e l e c t r o d e work. Spec ie s such as KCCdH^-
E G T A ) + , K 2 (CdHEGTA) + , and ^ ( C d E G T A ) were proposed to e x i s t i n a d d i t i o n 
to tha t above. 
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CHAPTER I 
INTRODUCTION 
Ion p a i r formation i n aqueous s o l u t i o n s i s of i n t e r e s t in p o l a r ­
ographic s t u d i e s i n v o l v i n g i r r e v e r s i b l e e l e c t r o d e r e a c t i o n s because of the 
change i n charge on the e l e c t r o a c t i v e s p e c i e s when pa i red wi th an oppo­
s i t e l y charged meta l i o n . S ince the charge on the e l e c t r o a c t i v e spec i e s 
in some measure determines i t s concen t r a t i on at the r e a c t i o n p l a n e , the 
r a t e o f an i r r e v e r s i b l e e l e c t r o d e r e a c t i o n w i l l be changed i f the charge 
of the e l e c t r o a c t i v e spec i e s i s a l t e r e d . A cons ide rab l e amount o f work 
has been repor ted which proposes tha t ion p a i r i n g occurs between a nega­
t i v e l y charged e l e c t r o a c t i v e s p e c i e s and an a l k a l i meta l ion from the 
suppor t ing e l e c t r o l y t e . The ion p a i r i n g , a l though i t i s not cons idered 
r a t e de te rmin ing , a f f e c t s the o v e r a l l r a t e of the e l e c t r o d e r e a c t i o n . 
In the reduc t ion o f c o p p e r ( I I ) pyrophosphate ( 1 ) , e x t e n s i v e ion 
p a i r i n g o f the c o p p e r ( I I ) pyrophosphate complexes wi th potassium ion was 
proposed to account for the unexpected charge tha t was determined for 
the r e d u c i b l e s p e c i e s . In tha t work, a potassium ion-complex spec i e s r a t i o 
of 2:1 was env i s ioned for protonated forms o f the c o p p e r ( I I ) pyrophos­
phate as w e l l as for the unprotonated forms. 
The cadmium-EDTA system has been s tud ied for e f f e c t s o f the sup­
po r t i ng e l e c t r o l y t e on the reduc t ion of cadmium-EDTA s p e c i e s ( 2 ) . Ion 
p a i r i n g mechanisms were proposed and a formation cons tan t o f 7.0 was c a l ­
c u l a t e d for a potassium-cadmium-EDTA ion p a i r . However, b u f f e r s o l u t i o n s 
2 
were used e x t e n s i v e l y , and, therefore> the f i n d i n g o f tha t work i s not 
a p p l i c a b l e when the doub le - l aye r e f f e c t s are to be cons idered wi th any 
degree of accu racy . 
L . G i e r s t (3 ) in a comprehensive study of the d o u b l e - l a y e r e f f e c t s 
on e l e c t r o d e r e a c t i o n s proposed tha t ion p a i r i n g cons ide rab ly a f f e c t e d 
the reduc t ion o f s e v e r a l spec i e s a t the e l e c t r o d e . Most o f h i s work was 
devoted to the study o f mechanisms o f e l e c t r o d e r e a c t i o n s , and ion p a i r ­
ing f i g u r e d h e a v i l y in some hypotheses . 
S tud ie s of ion p a i r i n g up to the present have not demonstrated the 
formation of these s p e c i e s in the bu lk o f the s o l u t i o n by means o f meth­
ods o ther than polarography, s i n c e i t was p o s t u l a t e d tha t ion p a i r i n g 
was a phenomenon o f the double l aye r o n l y . In the present s tudy , however, 
use was made o f a p o t a s s i u m - s e l e c t i v e e l e c t r o d e (glass-membrane) to 
dec ide whether or not ion p a i r i n g seen i n po la rograph ic work was s o l e l y 
t a k i n g p l a c e w i t h i n the e l e c t r i c a l double l a y e r a t an e l e c t r o d e - s o l u t i o n 
i n t e r f a c e . 
The system chosed for study c o n s i s t e d o f cadmium n i t r a t e , e t h y l e n e -
b i s ( o x y e t h y l e n e n i t r i l o ) N , N , N l , N * t e t r a a c e t i c a c i d (EGTA*), and potassium 
n i t r a t e in aqueous s o l u t i o n s . Cadmium and EGTA, i n s o l u t i o n , r e a c t to 
form a s e r i e s of complexes of which , wi th i n c r e a s i n g pH, CdCH^EGTA), 
2 -
Cd(HEGTA) , and Cd(EGTA) become predominate. Polarography of the system 
2 -
shows tha t a decrease in the current fo l l ows the i n c r e a s e o f Cd(EGTA) 
c o n c e n t r a t i o n . Thus, the i n d i c a t i o n i s that t h i s spec i e s i s not reduc-
The a b b r e v i a t i o n EGTA comes from the name, E t h y l e n e G l y c o l o b i s 
( a m i n o e t h y l e t h e r ) N , N , N f , N f , T e t r a a c e t i c A c i d , which i s no longer i n u s e . 
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i b l e . The po la rograph ic waves for a mixture o f the complex s p e c i e s 
appear to be i r r e v e r s i b l e ; t h e r e f o r e , i f ion p a i r i n g o c c u r s , the r a t e o f 
the e l e c t r o d e r e a c t i o n should be a f f e c t e d . 
C o n s i d e r a t i o n o f ion p a i r i n g i n t h i s study i n c l u d e s both a n a l y s i s 
o f po l a rog raph ic da ta to e l u c i d a t e ion p a i r i n g e f f e c t s at the e l e c t r i c a l 
double l a y e r and exper imenta t ion employing pH t i t r a t i o n s and the i o n -
s e l e c t i v e e l e c t r o d e to determine the ex ten t o f potassium b ind ing to EGTA 
and EGTA complexes o f cadmium. 
The study of ion p a i r i n g phenomena a t the e l e c t r o d e double l a y e r 
was made us ing ins tan taneous d . c . po larography. Potassium n i t r a t e was 
employed in v a r i o u s concen t r a t i ons (0.05 F , 0.1 F , 0.5 F , and 1.0 F) . 
S i n c e the potassium n i t r a t e concen t r a t i on was at l e a s t 25 t imes tha t o f 
the complex s p e c i e s , i t could be cons idered to determine a l l double l a y e r 
c h a r a c t e r i s t i c s o f the system. A study was undertaken to f i n d out whether 
adsorp t ion o f e i t h e r r e a c t a n t s or products at the e l e c t r o d e occur red . 
Adsorpt ion o f the n i t r a t e ion was compensated for by the use o f the da ta 
repor ted by Payne (4) fo r the potassium n i t r a t e system. To c h a r a c t e r i z e 
the double l aye r fo r t h i s system, use was made o f the Gouy-Chapman theory 
as modi f ied by Stern ( 5 ) . 
S i n c e the pH o f the s o l u t i o n determines the types o f cadmium com­
p l e x e s p resen t , s t u d i e s were performed a t v a r i o u s pH v a l u e s (2 .50 , 3 .00 , 
2_ 
3 .50 , 4 . 0 0 , and 4 . 5 0 ) . The reduc t ion of Cd(EGTA) i s so i r r e v e r s i b l e 
tha t above pH 4 . 5 0 , where t h i s spec i e s i s e s s e n t i a l l y the only one p resen t , 
no reduc t ion wave i s observed a t a l l . In Chapter V , a d e s c r i p t i o n o f the 
polarography of the system i s g iven wi th r e l a t i o n to the d i s t r i b u t i o n of 
complex s p e c i e s . 
4 
The method o f G i e r s t was used whenever p o s s i b l e to i n v e s t i g a t e the 
e f f e c t s o f v a r i o u s parameters on the p o l a r i z a t i o n cu rve . These parameters 
a r e : s p e c i f i c a d s o r p t i o n , d o u b l e - l a y e r , pH, i o n - p a i r fo rmat ion , and 
e l e c t r o c h e m i c a l k i n e t i c s . 
I n order to e s t a b l i s h the composi t ion o f the bu lk o f the s o l u t i o n s , 
pH t i t r a t i o n s and measurements wi th the i o n - s e n s i t i v e e l e c t r o d e were used. 
The type and concen t r a t i ons o f v a r i o u s complexes were e s t a b l i s h e d , the 
degree o f ion p a i r i n g c a l c u l a t e d , and the r e l a t i v e d i s t r i b u t i o n o f spec i e s 
found. 
The a c i d i t y cons t an t s o f protonated EGTA complexes o f cadmium and 
of potassium have been computed as w e l l as the formation cons t an t s o f the 
v a r i o u s complex s p e c i e s . These da ta are g iven in Chapter I V . 
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CHAPTER I I 
EXPERIMENTAL METHODS 
Use o f the I o n - S e l e c t i v e E l e c t r o d e 
Theory 
For many yea r s measurement o f hydrogen ion a c t i v i t y has been accom­
p l i s h e d wi th the use of the g l a s s e l e c t r o d e . E a r l y experiments wi th g l a s s 
membrane e l e c t r o d e s showed tha t the p o t e n t i a l d i f f e r e n c e ac ross the mem­
brane could be p red i c t ed by a Nerns t - type e q u a t i o n ( 6 ) , 
V = c o n s t . + ^ In a „ + (2-1) 
nr tl 
where V i s the p o t e n t i a l i n v o l t s , a + i s the a c t i v i t y o f the hydrogen 
r i 
i o n , and R, T , and F are the gas c o n s t a n t , ab so lu t e temperature , and 
F a r a d a y ' s c o n s t a n t , r e s p e c t i v e l y ; n i s the number of e l e c t r o n s i nvo lved 
in the e l e c t r o c h e m i c a l r e a c t i o n , and has a v a l u e o f one i n t h i s c a s e . 
Non-adherence to t h i s equat ion becomes e v i d e n t , however, a t very 
h i g h (pH ^ 2) and at very low (pH ^ 11) hydrogen ion a c t i v i t i e s . I t was 
noted tha t a t h igh pH wi th a l k a l i meta l ions present po t en t iome t r i c 
measurements u s ing the g l a s s e l e c t r o d e gave a lower pH than was c o r r e c t 
for the s o l u t i o n . Fur ther s t u d i e s i n d i c a t e d tha t the amount o f a l k a l i 
metal ion present determined the ex ten t o f t h i s s o - c a l l e d a l k a l i n e e r ro r 
(7). Subsequent i n v e s t i g a t i o n s showed tha t g l a s s e s wi th h igh boron ox ide 
content were n e a r l y as s e n s i t i v e to sodium ion as to hydrogen ion (8). 
6 
G . Eisenman ( 9 ) , i n a sys temat i c study o f s imple g l a s s e s c o n t a i n i n g 
only sodium o x i d e , aluminum o x i d e , and s i l i c a , has shown tha t not on ly 
sodium i o n s , but a l s o o ther a l k a l i meta l i o n s , e . g . l i t h i u m , potass ium, 
and rubidium, cause a r ep roduc ib l e response . 
The c h o i c e o f the g l a s s composi t ion for a p a r t i c u l a r e l e c t r o d e i s 
dependent upon the ex ten t o f the a l k a l i n e e r ror d e s i r e d . For e l e c t r o d e s 
s e n s i t i v e to a l k a l i meta l i o n s , fus ion o f s i l i c a and the o x i d e s o f a t r i -
v a l e n t and monovalent meta l i s performed to make a th ree -d imens iona l 
s t r u c t u r e in which the only s i g n i f i c a n t l y mobi le s p e c i e s i s the mono­
v a l e n t c a t i o n . The usua l i o n - s e l e c t i v e e l e c t r o d e c o n s i s t s o f a t h i n 
g l a s s bulb o f the des i r ed composi t ion f i l l e d wi th a 1 F s o l u t i o n o f the 
c h l o r i d e o f the meta l o f i n t e r e s t . A s i l v e r - s i l v e r c h l o r i d e r e fe rence 
e l e c t r o d e i s suspended in t h i s s o l u t i o n and the whole system i s then 
sea l ed (10). 
When coupled wi th a s u i t a b l e e x t e r n a l r e fe rence e l e c t r o d e the 
p o t e n t i a l due to the d i f f e r e n c e o f concen t r a t i on o f a l k a l i meta l ion 
between the i n t e r n a l r e fe rence s o l u t i o n and the sample s o l u t i o n ac ros s 
the g l a s s membrane may be expressed by the r e l a t i o n 
a. 
V = ^ ln — (2-2) F a . 
1 
where a . i s the known a c t i v i t y o f the meta l ion i n the bulb and a. i s the 
J 1 
a c t i v i t y o f t h i s ion in the sample s o l u t i o n (11). 
I f more than one a l k a l i meta l i s p resen t , the e l e c t r o d e response 
depends upon the summed c o n t r i b u t i o n s o f each c a t i o n so tha t 
7 
n 
i = l 
th 
where and p^ are the p e r m e a b i l i t i e s o f the i ion and the c a t i o n in 
the b u l b , r e s p e c t i v e l y , and a^ and ,a^ are t h e i r r e s p e c t i v e a c t i v i t i e s (12) 
I t should be noted here tha t a t pH ^ 5 a l l c a t i o n - s e n s i t i v e g l a s s e s are 
predominantly s e n s i t i v e toward hydrogen ion and tha t none o f the g l a s s 
membranes are e s p e c i a l l y s e l e c t i v e among l i t h i u m , sodium, and potassium 
i o n s . Thus, opera t ion in media c o n t a i n i n g o ther than f i x e d r a t i o s o f 
a l k a l i me ta l ions i s not very s a t i s f a c t o r y and opera t ion i n s o l u t i o n s o f 
pH < 4 i s u n f e a s i b l e . 
In a c a t i o n exchange membrane such as g l a s s , the pe rmeab i l i t y 
P. 
r a t i o , — , can be expressed in terms o f the ion exchange e q u i l i b r i u m con-
j u. 
i 
s t a n t , k , and the m o b i l i t y r a t i o , — , 
j 
P. U. 
^ = k ^ (2-4) 
j j 
Th i s means tha t both d i f f u s i o n and boundary processes are i nvo lved in the 
o r i g i n o f the p o t e n t i a l o f the g l a s s e l e c t r o d e as e x h i b i t e d by 
V
 =
 V B + V D + V ( 2 - 5 ) 
where V_ i s the p o t e n t i a l drop ac ros s the i n t e r f a c e between the re fe rence 
s o l u t i o n and the g l a s s membrane, V n i s due to d i f f u s i o n in the g l a s s , and 
P , - a 
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Vg, i s due to the p o t e n t i a l drop ac ros s the i n t e r f a c e between the unknown 
sample s o l u t i o n and the g l a s s membrane (13) . Th i s r e l a t i o n i s r ep re ­
sented in F i g u r e 1. 
Exper imenta l Technique 
A Beckman Research pH meter (model 1019) coupled wi th a Beckman 
39137 Ca t ion E l e c t r o d e and a F i s h e r , r D r i - P a k " sa tu ra t ed ca lomel e l e c t r o d e 
was used for a l l po t en t iome t r i c measurements. For pH measurements, a 
Beckman 41263 g l a s s e l e c t r o d e was used i n s t e a d o f the 39137 e l e c t r o d e . 
S i n c e pH measurements were taken c o n c u r r e n t l y , the c e l l was f i r s t purged 
wi th dry n i t rogen to remove carbon d i o x i d e and then b lanke ted wi th dry 
n i t r o g e n . Temperature was kept cons tan t a t 25° ± 0 .2 °C by means o f a 
thermostated water b a t h . 
C a l i b r a t i o n p l o t s were e s t a b l i s h e d both before and a f t e r each run 
s i n c e the i o n - s e l e c t i v e e l e c t r o d e response changes wi th t ime . There was 
p r a c t i c a l l y no v a r i a t i o n dur ing the course o f one day, but over longer 
per iods of time smal l changes in the response toward standard s o l u t i o n s 
were no ted . 
pH T i t r a t i o n s 
Theory 
I f an a c i d can be t i t r a t e d in the 5 presence of an exces s of meta l 
ion wi thout p r e c i p i t a t e format ion , i t i s p o s s i b l e to study the complexa-
t i o n o f the meta l ion wi th the a c i d v i a the pH lower ing . As long as the 
i n f l e c t i o n s at the v a r i o u s equ iva lence po in t s remain ev ident when a proton 
i s added to or removed from the m o l e c u l e , the c a l c u l a t i o n s of the forma-
9 
10 
t i o n cons t an t s o f the complexes are r e l a t i v e l y s t r a i g h t forward. In t h i s 
case each l i g a n d molecu le g a i n s or l o s e s protons in a s tepwise manner 
even though the l i g a n d molecu le may a l s o be bound to a me ta l i o n . 
For a p o l y p r o t i c a c i d such as H^EGTA the gene ra l equat ion for the 
s tepwise l o s s o f protons i s 
H E G T A ^ 4 " n ) " T* H _ E G T A ^ ~ n ^ ~ + H + 
n n - l ( 2 - 6 ) 
and the corresponding mixed a c i d i t y cons tan t i s 
K IT L 
H ..EGTA 
n - l 
( 5 - n ) -
4 - n 
H EGTA 
n 
( 4 - n ) -
( 2 - 7 ) 
For formation o f a complex o f EGTA wi th a monovalent meta l ion the gen­
e r a l equat ion i s 
M + + H E G T A ( 4 " n ) ~ t M(H E G T A ) ( 3 " n ) 
n n 
( 2 - 8 ) 
H L 
n 
and the corresponding formation c o n s t a n t , ^ , i s 
H n L 
Km L = 
n 
M (H^EGTA) ( 3 - n ) -
M + H EGTA 
n 
( 4 - n ) -
( 2 - 9 ) 
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The a c i d i t y cons tan t for the meta l complex has been expressed (14) 
as 
K H 
+-
M(H n ^EGTA) ^ " n ) " 
(A-n) 
M(H EGTA) 
n 
( 3 - n ) -
(2-10) 
S u b s t i t u t i o n o f Equat ions (2-7) and (2-9) i n t o Equation (2-10) 
r e s u l t s in 
K H 
H .EGTA 
n-1 
( 3 - n ) -
+ JMCH^EGTA) 
( 2 - n ) -
( 4 - n ) 
H EGTA 
n 
( 4 - n ) -
(2-11) 
which was der ived by W a t t e r s , e t a l . (15) for the pyrophosphate sys tem. 
Exper imenta l Technique 
A l l t i t r a t i o n s were performed in a thermostated water bath a t 25° 
± 0 . 2 ° C . A Beckman 41263 g l a s s e l e c t r o d e and a F i s h e r "Dr i -Pak" s a tu ra t ed 
ca lomel e l e c t r o d e were used for pH measurements. A l l measurements were 
taken wi th a Beckman Research pH meter . Each sample was purged wi th dry 
n i t r o g e n and then b lanke ted wi th the n i t r o g e n . 
Polarography 
Theory 
I r r e v e r s i b i l i t y . O x i d i z a b l e or r e d u c i b l e s p e c i e s may be analyzed 
both q u a l i t a t i v e l y and q u a n t i t a t i v e l y in s o l u t i o n v i a the r e a c t i o n o f the 
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s p e c i e s a t a p o l a r i z e d e l e c t r o d e . The p a r t i c u l a r spec i e s in s o l u t i o n has 
a c h a r a c t e r i s t i c ha l f -wave p o t e n t i a l — tha t p o t e n t i a l a t which the cur ren t 
i s one h a l f i t s d i f f u s i o n - l i m i t e d y a l u e - - a n d the current produced i s p ro­
p o r t i o n a l to i t s c o n c e n t r a t i o n . I f the r e a c t i o n r a t e o f the s p e c i e s a t 
the e l e c t r o d e i s l i m i t e d by d i f f u s i o n , the process i s s a i d to be r e v e r s ­
i b l e . I f the current i s not l i m i t e d by d i f f u s i o n a l o n e , the r educ t ion or 
o x i d a t i o n i s s a id to be i r r e v e r s i b l e . I n the case of the cadmium-EGTA 
system the r e a c t i o n at the e l e c t r o d e i s i r r e v e r s i b l e i n the con tex t o f 
the above s ta tements . 
For an i r r e v e r s i b l e system the equat ion (16) fo r the current a t 
some i n s t a n t in the l i f e of the mercury drop i s , 
, v l / 2
 R / D N 1 / 2 . r l 
i = nFAC \l + fjr) exp fnf (E - Eg}J ^ ( X ) (2-12) 
where C i s the concen t r a t i on o f the; r eac t an t i n the bu lk o f the s o l u t i o n , 
D and D' are the d i f f u s i o n c o e f f i c i e n t s o f r eac t an t and product, r e spec ­
t i v e l y , E i s the ins tan taneous p o t e n t i a l , and E i s the s tandard p o t e n t i a l 
s 
for the e l e c t r o c h e m i c a l r e a c t i o n . A i s the e l e c t r o d e a r ea , t i s the time 
F 
i n the drop l i f e , and f i s the quot ien t - j ^ . A l s o , i n t h i s equat ion 
f N l / 2 ( / n V l / 2 N 
X = k^ f±) exp {-Gnf (E - E g ) } ( l + (£r) exp fn f (E - E g ) } ) (2-13) 
g 
where k i s the s tandard apparent heterogeneous r a t e cons tan t fo r the 
e l e c t r o d e r e a c t i o n i n e i t h e r d i r e c t i o n a t the p o t e n t i a l E and a i s the 
s 
ca thod ic t r a n s f e r c o e f f i c i e n t . 
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By l e t t i n g x equal the r a t i o o f current a t any p o t e n t i a l to the 
d i f f u s i o n cur ren t then 
r / n \ 1 / 2 T1 (2-14) 
or 
1/2 
= r x ( X ) - r x (k° ( £ ) e x P t - o n f (E - E g ) } ) (2-15) 
I t has been shown (17) t h a t , e m p i r i c a l l y 
1
 1 U ; 1.35 L 5(1 - x ) . (2-16) 
Thus , 
2x 
5 
1/2 
= 1.35 ( | ) k S e x P [-cmf (E - E ) ] (2-17) (1 - x ) \ D / a s 
S i n c e no d o u b l e - l a y e r c o n s i d e r a t i o n s are taken i n t o accoun t , k i s 
a 
the standard apparent heterogeneous r a t e constant and i s r e l a t e d to the 
heterogeneous r a t e , c o n s t a n t , k , a t any p o t e n t i a l by 
k =* k exp [-cmf (E - E ) ] 
cl S 
(2-18) 
Thus, for c a l c u l a t i o n o f the heterogeneous r a t e cons tan t 
14 
1_ ]~2x(3 - x) (2-19) 
" 1.35 L 5 (1 - x ) J W 
i s used . The c o r r e c t i o n o f k for doub le - l aye r e f f e c t s w i l l be d i s c u s s e d 
l a t e r in Chapter V . 
At the ha l f -wave p o t e n t i a l 
1/2 
E i / 2 " E 8 + - 3 5 f L N [ U 3 5 ( D ) ] < 2 " 2 0 > 
t h u s , a t 25 C , 
0.0591 - f 2 x ( 3 - x)"] _ /o O I A 
-£T~ L 0§ L 5(1 - x ) J - E l / 2 " ( 2 " 2 1 ) 
t2x(3 - x)"l "g"^—"~x) J v e r s u s numerica l v a l u e s fo r both 
the t r a n s f e r c o e f f i c i e n t and the ha l f -wave p o t e n t i a l can be o b t a i n e d . 
Doub le - l aye r E f f e c t s . When an e l e c t r o d e i s t o t a l l y or p a r t i a l l y 
p o l a r i z e d , two l a y e r s of ions are a t t r a c t e d to i t . These two l a y e r s , the 
inner and outer Helmholz p l a n e s , are dep ic t ed in F i g u r e 2 . The inner Helm 
h o l z p l a n e , x ^ , c o n s t i t u t e s the p lane o f c l o s e s t approach for non-hydrated 
i o n s wh i l e the outer Helmholz p l a n e , x ^ , cor responding ly i s composed o f 
hydrated i o n s . The inner and outer Helmholz l a y e r s compose the compact 
double l a y e r . The reg ion ex tending from the outer Helmholz plane to the 
bulk o f the s o l u t i o n i s the d i f f u s e double l a y e r . The r e l a t i o n s h i p 
between p o t e n t i a l and the d i s t a n c e from the e l e c t r o d e i s shown i n F igu re 2 
The t o t a l p o t e n t i a l drop between the e l e c t r o d e su r face and the bulk 
of the s o l u t i o n can be measured r e a d i l y . For convenience , p o t e n t i a l i s 
FDotential 
Figu re 2. The R e l a t i o n o f P o t e n t i a l to the D i s t ance from the 
Sur face of the E l e c t r o d e 
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u s u a l l y expressed as the r a t i o n a l p o t e n t i a l , $ , i . e . the p o t e n t i a l mea­
sured wi th r e fe rence to the poin t of zero charge (PZC) . At the PZC $ = 0 
and a t any p o t e n t i a l 
$ = 1r0 + §* ( 2 - 2 2 ) 
where §' i s the p o t e n t i a l drop between the e l e c t r o d e su r face and= the outer 
Helmholz plane and tyo i s the p o t e n t i a l drop between the outer Helmholz 
p lane and the bu lk o f the s o l u t i o n . S ince e l e c t r o d e r e a c t i o n s normal ly 
are b e l i e v e d to take p l a c e at the outer Helmholz p l a n e , may be con­
s ide red to be the d r i v i n g fo rce for the r e a c t i o n . I t w i l l be shown, how­
eve r , tha t tyo i s a l s o a f a c t o r . 
At the PZC the e l e c t r o d e i s not charged and the su r f ace t ens ion at 
the s o l u t i o n - e l e c t r o d e i n t e r f a c e i s a t i t s maximum (the e l e c t r o c a p i l l a r y 
maximum). The charge on the e l e c t r o d e i s g iven by the Lippmann equat ion 
(17) 
( 2 - 2 3 ) 
where q i s the charge on the e l e c t r o d e per un i t a r e a , y i s the i n t e r -
f a c i a l su r f ace t e n s i o n , and E i s the p o t e n t i a l o f the e l e c t r o d e . C a l c u ­
l a t i o n o f the e l e c t r o c a p i l l a r y maximum may be accomplished v i a drop-t ime 
p o t e n t i a l p l o t s . 
The ar ray o f charges surrounding the o p p o s i t e l y charged e l e c t r o d e 
depends upon both the predominate e l e c t r o l y t e present and the d i e l e c t r i c 
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cons tan t o f the s o l v e n t . The p h y s i c a l s i g n i f i c a n c e o f these two s e t s of 
oppos i t e charges i s tha t o f a c a p a c i t o r wi th i t s c a p a c i t a n c e def ined as 
C . = - | (2-24) 
where i s c a l l e d the i n t e g r a l c a p a c i t a n c e and Q i s the charge on the 
e l e c t r o d e . The i n t e g r a l c a p a c i t a n c e i s not e a s i l y measurable d i r e c t l y . 
The d i f f e r e n t i a l c a p a c i t a n c e , C ^ , i s def ined by 
where E i s any p o t e n t i a l . The d i f f e r e n t i a l c a p a c i t a n c e v a r i e s wi th charge 
for a g iven p o t e n t i a l s tep and thus can b;e measured provided dE i s not 
l a r g e r than a few m i l l i v o l t s (18). 
I t can be seen tha t the d i f f e r e n t i a t i o n o f the i n t e r f a c i a l su r f ace 
t ens ion ve r sus p o t e n t i a l curve y i e l d s the charge on the e l e c t r o d e . A 
second d i f f e r e n t i a t i o n of rj^f wi th respec t to E i s the express ion for the 
d i f f e r e n t i a l c a p a c i t a n c e . Conve r se ly , q and y may be ob ta ined by s i n g l e 
and double i n t e g r a t i o n , r e s p e c t i v e l y , o f Equat ion (2 -25) . The i n t e g r a l 
c a p a c i t a n c e may be c a l c u l a t e d from Equat ion (2-24) provided the p o t e n t i a l 
a t the PZC i s known. 
In S t e r n ' s m o d i f i c a t i o n o f the Gouy-Chapman theory (5) ions are 
cons idered to have f i n i t e s i z e and to approach the e l e c t r o d e on ly to a 
c e r t a i n d i s t a n c e (the plane o f c l o s e s t approach) . Th i s m o d i f i c a t i o n a l lows 
good c a l c u l a t i o n o f \|/0 i f no s p e c i f i c adsorpt ion o c c u r s . The equat ion for 
the c a l c u l a t i o n o f \j/ 0 i s 
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*> " © S i n h " 1 ( m ) < 2 - 2 6 > 
where 
,RTeC
 v l / 2 
Here e i s the d i e l e c t r i c c o n s t a n t , C g i s the concen t r a t i on o f suppor t ing 
e l e c t r o l y t e and z i s the e f f e c t i v e charge on the suppor t ing e l e c t r o l y t e . 
For 1 - 1 e l e c t r o l y t e s Equat ion (2-26) reduces to 
*o = 3 8 ^ 3 5 S i n h _ 1 L * l / 2 ) < 2 ' 2 7 > 11.74 C 
s 
The G i e r s t P l o t . In i r r e v e r s i b l e e l e c t r o d e r e a c t i o n s the r a t e de­
te rmin ing s tep can be the e l e c t r o d e r e a c t i o n , a chemical r e a c t i o n preceding 
the e l e c t r o d e r e a c t i o n , or a combination o f these two. The r a t e of the 
e l e c t r o d e r e a c t i o n i s thus profoundly dependent upon the e l e c t r i c a l dou­
b l e l a y e r . 
I t was s t a t e d e a r l i e r tha t $ ' i s the d r i v i n g fo rce o f the r e a c t i o n . 
S i n c e $ ' i s dependent upon ty0 a t cons tant $, the i n c r e a s e o f ty0 fo r con­
s t an t $ should have a n o t i c e a b l e e f f e c t upon the r e a c t i o n r a t e . I f § 
approaches 0 . 7 , ty0 can r e a d i l y be g r e a t e r than 100 mv for s a l t concen t ra ­
t i o n s o f 0.1 F or l e s s . A l s o , as G i e r s t has shown ( 3 ) , the tyQ p o t e n t i a l 
markedly a f f e c t s the su r face concen t r a t ion o f the r e a c t a n t s . At the 
plane o f c l o s e s t approach the a c t u a l r eac t an t c o n c e n t r a t i o n , i s 
r e l a t e d to the expected r eac t an t c o n c e n t r a t i o n , [ A ] * , by 
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[ A ] Q = [ A ] * exp ( - 2 f > 0 ) (2-28) 
The c o n c e n t r a t i o n , [ A ] * , depends only upon mass t r a n s f e r c o n s i d e r a t i o n s ; 
t h u s , i t may be cons idered p r a c t i c a l l y cons tan t over a wide range o f 
suppor t ing e l e c t r o l y t e c o n c e n t r a t i o n s . The re fo re , as ty0 changes , the 
a c t u a l concen t r a t ion o f r e ac t an t a t the p lane o f c l o s e s t approach changes 
a l s o . 
Frumkin (19) has shown tha t i n the presence o f d o u b l e - l a y e r e f f e c t s 
the t rue r a t e o f the e l e c t r o d e r e a c t i o n , V° i s r e l a t e d to the observed 
r a t e , V * , by 
V * = V° [exp ( - an f$* ) ] exp ( - z f t j (2-29) 
o r , i n 1°8^Q form at 25 C 
0.0591 log V * = 0.0591 log V° - on$ ' - z $ 0 (2-30) 
i 
where n i s the number o f e l e c t r o n s i nvo lved i n the e l e c t r o d e r e a c t i o n 
and 
-=m^i (?)1/2 
L . G i e r s t (3) dev ised a g r a p h i c a l procedure for the e v a l u a t i o n o f 
the f a c t o r s i n the Frumkin equa t ion . S ince i t can be seen tha t 
V * = F($) 
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a p l o t o f 0.0591 log V * ve r sus ty0 a t cons tan t $ ' g i v e s in format ion about 
z and a p l o t o f 0.0591 l o g V * ve r sus $ T a t cons tan t tyQ g i v e s informat ion 
about Qfa. 
G e n e r a l l y , these e v a l u a t i o n s are c a r r i e d out in the f o l l o w i n g man­
ne r . A p l o t o f 0.0591 log V * ve r sus $ i s made for d i f f e r e n t suppor t ing 
e l e c t r o l y t e c o n c e n t r a t i o n s . On the same graph a p l o t o f i j i 0 ve r sus $ i s 
made for the same suppor t ing e l e c t r o l y t e c o n c e n t r a t i o n s on the same s c a l e 
and below the prev ious p l o t s . Drawing o f cons tan t V and cons tan t i 0 
l i n e s a l lows a separa t ion o f the e f f e c t s o f each and the de terminat ion 
o f an and z . The v a l u e o f V° i s found as the zero i n t e r c e p t o f the l i n e 
0.0591 log V* = F ( § ' ) . 
Exper imenta l Technique 
Polarograms were taken us ing a three e l e c t r o d e c e l l and a p o l a r o -
graph designed and b u i l t in t h i s department. A so leno id system was used 
for drop detachment to insure un i fo rmi ty o f drop s i z e . Measurements were 
made a t the end o f the drop l i f e through the use o f a t r i g g e r sampling 
d e v i c e to insure r ep roduc ib le sampl ing. P o t e n t i a l s and cu r r en t s were 
read from a d i g i t a l ^ d i s p l a y accessory to the po la rograph . A l l polarograms 
were run at 25° ± 0 . 2 ° C . Temperature was kept cons tant by means o f a 
thermostated water bath and the s o l u t i o n s were purged and then b lanke ted 
wi th dry n i t r o g e n . 
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CHAPTER I I I 
EQUIPMENT, INSTRUMENTATION, AND CHEMICALS 
E l e c t r o d e s and C e l l s 
I o n - s e l e c t i v e E l e c t r o d e and pH T i t r a t i o n s 
The i o n - s e l e c t i v e e l e c t r o d e s t u d i e s were performed u t i l i z i n g a 
Beckman 39137 C a t i o n E l e c t r o d e , a F i s h e r "Dr i -Pak" sa tu ra t ed ca lomel 
e l e c t r o d e ( S C E ) , and a Beckman Research pH meter . 
The c a t i o n e l e c t r o d e requi red c o n s i d e r a b l e ca re i n ag ing and han­
d l i n g to in su re r ep roduc ib l e response . When new, the c a t i o n e l e c t r o d e 
was found to have a pe rmeab i l i t y r a t i o o f 2:1 for potassium over sodium, 
but wi th proper ag ing t h i s r a t i o inc reased to about 20 :1 . The permea­
b i l i t y r a t i o o f hydrogen ion to potassium was not c a l c u l a t e d but appeared 
-3 
to be g rea t e r than 100:1. Thus, in s o l u t i o n s o f 10 F potassium n i t r a t e 
the lowest pH which could be t o l e r a t e d was 5 . 0 . 
In order to ach ieve maximum response and r e p r o d u c i b i l i t y , the e l e c ­
t rode was aged for about two weeks by soaking i t i n a l k a l i n e s o l u t i o n s o f 
0 .1 F potassium n i t r a t e . A l t h o u g h t t h e c a t i o n e l e c t r o d e may be used suc ­
c e s s f u l l y a f t e r as l i t t l e as 24 hours a g i n g , d r i f t i n response over a 
per iod o f a few hours i s n o t i c e a b l e a f t e r t h i s short ag ing t ime . 
S ince tetramethylammonium hydroxide (TMAOH) was used as the t i t r a n t 
in the i o n - s e l e c t i v e e l e c t r o d e s tudy , the i n t e r f e r e n c e o f TMAOH in the 
c a t i o n e l e c t r o d e r e s p o n s e to potassium had to be cons ide red . I t was found 
tha t TMAOH caused no i n t e r f e r e n c e in the measurement o f potassium ion 
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concen t r a t ion i n s o l u t i o n s c o n t a i n i n g TMAOH-potassium n i t r a t e r a t i o s up 
to 50 :1 . 
The c a t i o n e l e c t r o d e was u t i l i z e d v i a a s tandard c a l i b r a t i o n p l o t 
o f potassium ion concen t r a t i on ve r sus p o t e n t i a l . I t was noted for the 
-2 -3 
concen t ra t ion range o f 10 - 1 0 F in potassium i o n , tha t p l o t t i n g of 
e i t h e r concen t r a t i on or a c t i v i t y ve r sus p o t e n t i a l gave s t r a i g h t l i n e p l o t s 
wi th i d e n t i c a l s lopes o f 59 mv. A t y p i c a l c a l i b r a t i o n p l o t i s shown in 
F i g u r e 3 . 
I t was found tha t the h i s t o r y o f the e l e c t r o d e g r e a t l y i n f l u e n c e d 
i t s r esponse . I f the c a t i o n e l e c t r o d e were exposed to s o l u t i o n s o f 
pH ^ 4 . 0 , response was not r ep roduc ib le u n t i l t reatment i n a l k a l i n e s o l ­
u t ion for s e v e r a l hours was accompl ished . 
For a l l pH work a Beckman 41263 g l a s s e l e c t r o d e was used in a d d i ­
t i o n to the above mentioned appara tus . No i n o r d i n a t e problems were found 
wi th e i t h e r the g l a s s e l e c t r o d e or the SCE which were employed. E l e c t r o d e 
j u n c t i o n p o t e n t i a l s were c a l c u l a t e d for the SCE for s o l u t i o n s o f v a r y i n g 
potassium n i t r a t e c o n c e n t r a t i o n s , but the h i g h e s t o f the p o t e n t i a l s was 
only 0.6 mv. Thus, e l e c t r o d e j u n c t i o n p o t e n t i a l s were i gno red . 
The c e l l for both pH and i o n - s e l e c t i v e e l e c t r o d e work c o n s i s t e d 
of a 100 ml B e r z e l i u s beaker which was stoppered wi th a No. 10 rubber 
s topper . Holes were d r i l l e d in the stopper to accommodate the g l a s s e l e c ­
t rode , the SCE, the c a t i o n e l e c t r o d e , and a f r i t t e d g l a s s deae ra to r . The 
temperature o f the c e l l was mainta ined a t 25° ± 0 .2 °C u t i l i z i n g a thermo-
s t a t ed water b a t h . The s o l u t i o n was freed o f d i s s o l v e d oxygen and carbon 
d i o x i d e by purging wi th n i t rogen for approximately 15 minutes before 
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F igu re 3. T y p i c a l C a l i b r a t i o n P l o t for the I o n - S e l e c t i v e E l e c t r o d e 
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t i t r a t i n g . During the t i t r a t i o n the deaera tor was on ly removed from the 
s o l u t i o n whi l e a c t u a l l y t a k i n g a r ead ing . The c a t i o n e l e c t r o d e was i n t r o 
duced to the s o l u t i o n on ly a f t e r the pH became g r e a t e r than 4 . 0 . 
Polarography 
A l l po la rograph ic work was done wi th mercury e l e c t r o d e s . A drop­
p ing mercury e l e c t r o d e and a dropping cadmium amalgam e l e c t r o d e were 
employed. 
The dropping mercury e l e c t r o d e was cons t ruc ted o f 6-mm Pyrex g l a s s 
t u b i n g , a Pyrex r e s e r v o i r and Tygon tub ing which connected the r e s e r v o i r 
to the g l a s s t u b i n g . The g l a s s tub ing was a f f i x e d to a meter s t i c k so 
tha t the mercury head could be measured. Two cm from the bottom of the 
g l a s s tub ing a p la t inum wire was in t roduced through one w a l l o f the t ub ­
ing and s e a l e d fo r connect ion to the po la rograph . One h a l f o f a Sargent 
2-4 second po la rograph ic c a p i l l a r y was a f f i x e d to the bottom o f the g l a s s 
tub ing by means o f a 5-cm s e c t i o n o f hard neoprene t u b i n g . To prevent 
c l o g g i n g , the c a p i l l a r y was r i n sed wi th d i s t i l l e d water p r i o r to i n t e r ­
rup t ion o f the mercury f low and was mainta ined i n a i r between experiments 
The dropping cadmium amalgam e l e c t r o d e was cons t ruc t ed o f a 150-ml 
amalgam r e s e r v o i r atop a j a c k e t e d g l a s s column o f about 20 cm l e n g t h . 
Below the j a c k e t a 2-mm s topcock , a t h r o u g h - g l a s s p la t inum e l e c t r i c a l 
connect ion and a s tandard e x t e r n a l 10/30 g l a s s j o i n t were i n c l u d e d . One 
h a l f o f a Sargent 2-4 second c a p i l l a r y was s ea l ed wi th Varno cement i n t o 
a 1-cm g l a s s tub ing which had a diameter s l i g h t l y l a r g e r than the c a p i l ­
l a r y . The g l a s s tub ing was fused to a s tandard i n t e r n a l 10/30 g l a s s 
j o i n t . Th i s arrangement a l lowed replacement o f . t h e c a p i l l a r y without 
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d r a i n i n g the e n t i r e supply o f amalgam. 
To determine the f lowra te o f the dropping mercury e l e c t r o d e , a 
t ime consuming but s imple method was a p p l i e d . Two hundred drops o f mer­
cury were c o l l e c t e d a t a p o t e n t i a l c l o s e to the PZC i n a s o l u t i o n r ep re ­
s e n t a t i v e o f those used i n po la rog raph ic s t u d i e s and the e lapsed time was 
measured. The s o l u t i o n and the r e s u l t a n t mercury pool were separa ted by 
decan ta t ion and then the mercury was d r i ed wi th reagent grade ace tone and 
weighed. The f l o w r a t e , M, in grams per second, was found from the equa­
t i o n 
U = ~ (3-1) 
where w i s the weight o f mercury c o l l e c t e d in grams and t i s the t ime . 
N e g l i g i b l e con tac t area was assumed for the Sargent c a p i l l a r i e s . 
The c e l l c o n s i s t e d of a 100-ml B e r z e l i u s beaker s toppered wi th 
a No. 10 rubber s topper . The stopper was d r i l l e d to accommodate a g l a s s 
e l e c t r o d e , a SCE, the dropping mercury e l e c t r o d e , a counter e l e c t r o d e 
c o n s i s t i n g o f a p la t inum w i r e , and f r i t t e d g l a s s deae ra to r . The temper­
a ture o f the c e l l was main ta ined at 25° ± 0 ,2 °C by means o f a thermo-
s t a t e d water b a t h . 
Po la rograph ic and pH da ta could be c o l l e c t e d concu r r en t l y by 
swi t ch ing the leads to the SCE. One lead was connected to the pH meter 
and the o ther l ead was connected to the po la rograph . Simultaneous d e t e r ­
minat ion of pH and po la rograph ic da ta was not p o s s i b l e due to the d i f f e r ­
ence in impedance o f the two ins t ruments . 
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Ins t rumenta t ion 
C o n t r o l l e d P o t e n t i a l Polarograph 
For a l l po la rograph ic work, an ins t rument , which was des igned and 
b u i l t i n the e l e c t r o n i c s shop of the School o f Chemis t ry , was used . The 
instrument has both po la rog raph ic and cou lomet r i c c a p a b i l i t i e s . The 
instrument c o n t a i n s a p o t e n t i o s t a t and a current measuring s e c t i o n for 
performing po la rograph ic f u n c t i o n s . 
In F igu re 4 the b a s i c c i r c u i t o f the instrument i s shown. The 
c e l l i s a three e l e c t r o d e c e l l wi th t e s t e l e c t r o d e , T , counter e l e c t r o d e , 
C , and re fe rence e l e c t r o d e , R. The p o t e n t i o s t a t c o n t r o l s the e l e c t r o d e 
p o t e n t i a l v i a cont inuous summation o f a l l the cu r ren t s r e c e i v e d at the 
summing p o i n t , S . The d i f f e r e n c e i n p o t e n t i a l between the t e s t e l e c t r o d e 
and the r e fe rence e l e c t r o d e appears a t the output o f the v o l t a g e f o l l o w e r , 
V F . Regu la t ion o f the e l e c t r o d e p o t e n t i a l i s then ach ieved by pas s ing 
cur ren t through the c e l l a t the counter e l e c t r o d e . S ince e s s e n t i a l l y no 
current can pass through the r e fe rence e l e c t r o d e - v o l t a g e fo l l ower combi­
n a t i o n , v i r t u a l l y a l l c e l l current must pass through the t e s t e l e c t r o d e , 
which i s connected to the current f o l l o w e r , C F , to produce a v o l t a g e p ro­
p o r t i o n a l to the c e l l cu r r en t . 
The i n t e g r a t o r provides a v o l t a g e ramp for sweeping over any des i r ed 
p o t e n t i a l r ange . A c o n t r o l to se t the i n i t i a l p o t e n t i a l i s a l s o a v a i l ­
a b l e . 
Time Delay Generator and So leno id 
A l s o b u i l t i n the e l e c t r o n i c s shop was a chronopotent iometer sim­
i l a r to one designed by S tur rock (20) . Al though chronopotent iometry was 
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Figure 4 . Diagram of the Controlled Potential Polarograph 
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not a method app l i ed in t h i s r e s e a r c h , two func t ions o f the chronopo-
ten t iometer were used: the so l eno id system and the time de lay c i r c u i t . 
'Che so leno id system c o n s i s t s o f a s o l e n o i d T a c t u a t e d plunger wi th a c y c l e 
time r e g u l a t e d by an RC network wi th a l a r g e time c o n s t a n t . For a g iven 
s e t t i n g on the instrument the so l eno id i s t r i g g e r e d at a cons tant time 
i n t e r v a l , d i s l o d g i n g the mercury drop by means o f a s l i g h t tap on the 
c a p i l l a r y . The t r i g g e r fo r the s o l e n o i d a l s o pu l ses a monostable o s c i l ­
l a t o r which has an RC cons tan t tha t may be se t fo r a de s i r ed time d e l a y . 
The pu l se from the monostable o s c i l l a t o r then opens a ga t e to a l low 
sampling o f the po la rograph ic c u r r e n t . 
D i g i t a l D i s p l a y Accessory 
To a l low more accuracy in da ta a c q u i s i t i o n , a d i g i t a l d i s p l a y was 
used i n s t e a d o f the usua l analog systems such as meters or r e c o r d e r s . 
The t r i g g e r from the monostable o s c i l l a t o r mentioned above i n i t i a t e s a 
pu l se i n the pu l se gene ra to r , A , which r e s e t s the coun te r , D , and i s de­
layed 30 ms by an RC network, B, before opening the c o n t r o l f l i p - f l o p , C . 
The s i g n a l from the c o n t r o l f l i p - f l o p opens ga t e s 1 and 2 and r e s e t s the 
pu l se i n t e g r a t o r , E . Opening o f ga t e s 1 and 2 a l lows p u l s e s from the 
c l o c k , D 1 , to s t a r t the coun te r , D . These pu l ses are i n t e g r a t e d i n the 
pu l se i n t e g r a t o r and the ramp thus generated i s compared wi th the analog 
i n p u t , which has been s c a l e d to a se t magnitude by the s c a l i n g and po­
l a r i t y amp, G , a t the comparator, C . When these two p o t e n t i a l s are e q u a l , 
the comparator c l o s e s the c o n t r o l f l i p - f l o p , thus s topping the counter 
and pu lse i n t e g r a t o r . The s c a l i n g and p o l a r i t y amp c i r c u i t i s ad jus ted 
such tha t the number d i s p l a y e d on the counter i s equal to the cur ren t i n 
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the c e l l fo r a g iven ga in s e t t i n g on the po la rograph . Thus, these two 
f e a t u r e s o f the chronopotent iometer a l lowed r ep roduc ib l e drop s i z e and 
r ep roduc ib l e t imes o f cur ren t measurement. The current measurements were 
made as c l o s e to the end o f the drop as p o s s i b l e to e l i m i n a t e most o f 
the non - f a r ada i c c u r r e n t . B r i e f l y , the d i g i t a l d i s p l a y accesso ry sampled 
the current input from the polarograph when t r i g g e r e d by the time de lay 
c i r c u i t p r e v i o u s l y mentioned. Th i s p o t e n t i a l , which i s p r o p o r t i o n a l to 
the c u r r e n t , was then d i s p l a y e d on a d i g i t a l coun te r . 
The b lock diagram in F igu re 5 i l l u s t r a t e s the opera t ion o f the 
d i g i t a l d i s p l a y a c c e s s o r y . The counter was a 5216A, 12.5 MHz Counter 
made by Hewle t t -Packa rd . 
Chemicals 
Potassium N i t r a t e 
F i s h e r Chemical Company reagent grade potassium n i t r a t e was used . 
Cadmium N i t r a t e 
"Baker Ana lyzed" reagent grade cadmium n i t r a t e was used . 
EGTA 
Eastman Organic Chemicals EGTA was used. S o l u t i o n s 0.01 F in EGTA 
were prepared for t i t r a t i o n s by d i s s o l v i n g the requi red weight o f EGTA 
and 1.5 e q u i v a l e n t s o f TMAOH in the appropr ia te volume of wate r . The 
r e s u l t a n t s o l u t i o n was f i l t e r e d to remove i m p u r i t i e s and s tandard ized 
wi th a s tandard cadmium n i t r a t e s o l u t i o n us ing Eriochrome Black T as the 
i n d i c a t o r . For polarography 0.01 F s o l u t i o n s o f EGTA were prepared as 
descr ibed above except tha t potassium hydroxide was employed i n s t e a d o f 
TMAOH. 
Trigger In 
Analog Input 
Figure 5. Diagram of the Digital Display Accessory 
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Potassium Hydroxide 
"Baker Ana lyzed" reagent grade potassium hydroxide was used . 
Tetramethylammonium Hydroxide 
Eastman Organic Chemicals TMAOH was employed throughout . I t was 
found tha t the 10 percent s o l u t i o n s tha t were a v a i l a b l e had a g r e a t e r 
s h e l f l i f e than the 25 percent s o l u t i o n s tha t were a l s o purchased. Tes t s 
wi th the i o n - s e l e c t i v e e l e c t r o d e showed a combined sodium and potassium 
-4 
concen t r a t i on o f 3 X 10 F for a 0.1 F s o l u t i o n of TMAOH. 
Water 
Doubly-de ion ized water was used for a l l t i t r a t i o n s and p o l a r o ­
graphy work. 
Ni t rogen 
American Cryogen ics Company p u r i f i e d dry n i t r o g e n was used for 
purging a l l sys tems. 
Mercury 
F i s h e r Chemical Company and Bethlehem reagent g rade , t r i p l y - d i s ­
t i l l e d mercury was used . 
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CHAPTER IV 
COMPLEXES OF THE CADMIUM-EGTA-POTASSIUM NITRATE SYSTEM 
I n t r o d u c t i o n 
In Chapter I I i t was s t a t ed tha t the formation cons t an t s fo r com­
p l e x e s c o n t a i n i n g weakly bound meta l ions could be s tud ied d i r e c t l y by 
means o f an i o n - s e l e c t i v e e l e c t r o d e or i n d i r e c t l y in a pH study o f the 
system. For an i o n - p a i r system these same techniques can be a p p l i e d . 
With r e g a r d to the po tass ium-EGTA c o m p l e x e s and the ion p a i r s , i t was 
hoped tha t the da ta from the i o n - s e l e c t i v e e l e c t r o d e on the one hand and 
from pH t i t r a t i o n s on the o ther would g i v e r e s u l t s tha t could be c ros s 
checked. The pH t i t r a t i o n s furnished e x c e l l e n t agreement wi th the i o n -
s e l e c t i v e e l e c t r o d e in the study o f the potassium-EGTA system in the 
absence of cadmium. There was, however, no s i g n i f i c a n t pH lowering due 
to the ion p a i r i n g o f potassium with the complex. The absence o f pH 
2-
lowering e f f e c t s in the Cd(EGTA) -KNO^ system w i l l be d i s cus sed l a t e r 
in t h i s chap te r . 
In order to c r e a t e a system in which the reduc t ion in potassium 
ion concen t r a t ion i s e s s e n t i a l l y due to ion p a i r i n g , two r e s t r i c t i o n s 
were imposed on the composi t ion o f the sample s o l u t i o n s . F i r s t , the cad ­
mium concen t r a t i on was in excess o f tha t o f the EGTA. Second, the pH was 
kept h ighe r than 5.0 to insure tha t the complexation o f EGTA wi th cadmium 
was e s s e n t i a l l y comple te . A d d i t i o n a l l y , opera t ion at pH 5.0 assured tha t 
i n t e r f e r e n c e in the response o f the i o n - s e l e c t i v e e l e c t r o d e from hydrogen 
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ion was min imal . 
Var ious methods for use o f the i o n - s e l e c t i v e e l e c t r o d e have been 
set forward (20) to a l l e v i a t e such problems as p o t e n t i a l d r i f t and v a r i a ­
t i o n s in the s lope o f the Nernst p l o t . These methods were a p p l i e d to 
systems tha t showed on ly weak complexat ion and p a i r i n g e f f e c t s . In the 
present c a s e , however, the ion p a i r i n g was present to a much l a r g e r 
ex tent than expected and the a p p l i c a t i o n o f a c a l i b r a t i o n curve obv ia ted 
a l l these problems. 
A good t e s t for the method used and the e l e c t r o d e response i t s e l f 
was comparison wi th r e s u l t s from a separa te proven method. The work o f 
Wat ters (15) p r e v i o u s l y mentioned o f f e r e d such a method. Thus, potassium 
complexes o f EGTA could be s tud ied wi th the i o n - s e l e c t i v e e l e c t r o d e and 
a l s o by pH-lowering to check the v a l i d i t y o f the method in which the i o n -
s e l e c t i v e e l e c t r o d e was employed. 
S i n c e the e l e c t r o c h e m i c a l phenomena o f the cadmium-EGTA system 
were a l s o to be s tud ied for evidence o f ion p a i r i n g , a genera l knowledge 
o f the s p e c i e s present at any g iven pH was neces sa ry . From the pH t i t r a ­
t i o n da ta o f the EGTA-potassium s o l u t i o n s wi th and without cadmium pre ­
s e n t , the cons t an t s tha t are necessary to ob ta in the spec i e s d i s t r i b u t i o n 
were c a l c u l a t e d . 
S o l u t i o n s c o n t a i n i n g cadmium in excess o f EGTA were t i t r a t e d wi th 
tetramethylammonium hydroxide in the absence o f and i n the presence o f a 
potassium n i t r a t e concen t r a t ion equal to and twice tha t o f EGTA. The 
v a r i a t i o n i n potassium n i t r a t e concen t r a t i on was made i n order to check 
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for any d e v i a t i o n s in the ion pa i r cons t an t s due to the formation o f a 
s p e c i e s c o n t a i n i n g more than one potassium i o n . Analogous t i t r a t i o n s 
were performed on s o l u t i o n s which con ta ined no cadmium but were o therwise 
i d e n t i c a l to the above s o l u t i o n s . 
Tetramethy1ammonium hydroxide was used as the t i t r a n t i n a l l cases 
s i n c e the tetramethylammonium ion has been repor ted to be weaker i n com­
p l e x i n g a b i l i t y than potassium i o n . Subsequent t i t r a t i o n s wi th v a r i o u s 
amounts o f tetramethy1ammonium c h l o r i d e present showed tha t t h i s s a l t has 
very l i t t l e e f f e c t , i f any, on the pH o f a s o l u t i o n at any g iven poin t 
i n the t i t r a t i o n . 
No attempt was made to keep the i o n i c s t r eng th c o n s t a n t . S ince 
the da ta were to be c o r r e l a t e d wi th those ob ta ined p o l a r o g r a p h i c a l l y , the 
formal concen t r a t ion o f cadmium could not exceed 0.01 F . Thus, the i o n i c 
s t r eng th o f the s o l u t i o n s s tud ied never exceeded 0.05 M and the v a r i a t i o n 
i n i o n i c s t r eng th d id not exceed 0.01 M. C a l c u l a t i o n s u s ing the extended 
Debye-Hlickel l i m i t i n g law showed tha t v a r i a t i o n in the a c t i v i t y c o e f f i ­
c i e n t under the above c o n d i t i o n s was l e s s than 0 . 0 2 , which was w i t h i n the 
p r e c i s i o n o f the methods used . Of cou r se , the i o n i c s t r eng ths o f the s o l u ­
t i o n s prepared d id not agree wi th those given i n connec t ion wi th a c i d i t y 
cons t an t s repor ted in the l i t e r a t u r e ; t h e r e f o r e , the l i t e r a t u r e v a l u e s 
were not used , but from exper imenta l da ta new ones were c a l c u l a t e d per­
t a i n i n g to the g iven c o n d i t i o n s . 
S i n c e the s o l u t i o n s used were a mixture fo r which Debye-Ruckel 
c a l c u l a t i o n s are l e s s exac t than for s i n g l e s a l t s o l u t i o n s (21) , e x p e r i ­
mental ev idence for a c t i v i t y e f f e c t s was de s i r ed ra the r than a p r e d i c t i o n 
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o f these e f f e c t s through c a l c u l a t i o n s . A c t i v i t y e f f e c t s upon the con ­
c e n t r a t i o n c a l i b r a t i o n p l o t s were i n v e s t i g a t e d us ing the i o n - s e l e c t i v e 
e l e c t r o d e . C a l i b r a t i o n p l o t s were made from po ten t iome t r i c da ta gathered 
from standard s o l u t i o n s o f 0.001 F , 0.006 F , 0.01 F , and 0.02 F potassium 
n i t r a t e . Each s o l u t i o n was run wi th tetramethylammonium c h l o r i d e con­
c e n t r a t i o n s o f 0.001 F , 0.01 F , and 0.05 F . One se t o f po t en t i ome t r i c 
data was ob ta ined from s o l u t i o n s c o n t a i n i n g ho tetramethylammonium c h l o r ­
i d e . The po t en t i ome t r i c read ings and the s lopes o f the c a l i b r a t i o n p l o t s 
for each concen t r a t i on of tetramethylammonium c h l o r i d e remained cons tan t 
w i th in exper imenta l e r ror (± 1 mv) . 
C a l c u l a t i o n o f A c i d i t y and Formation Cons tants 
The Use o f Bjer rum's Spreading Fac to r Method 
Accord ing to Bjerrum (22) , the a c i d i t y cons tan t s o f a weak p o l y -
p r o t i c a c i d can be r e l a t e d to the hydrogen ion a c t i v i t y and the r a t i o o f 
bound protons to a c i d m o l e c u l e s , n . This r a t i o may be expressed by the 
equa t ion 
n = - ^ - S. (4-1) 
L H A 
where 
S 
with G being the formal c o n c e n t r a t i o n o f the a c i d and y the number o f 
H A 6 
s 
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protons tha t have been removed from the a c i d . In a l k a l i n e s o l u t i o n , the 
a c t i v i t y o f hydrogen ion i s so smal l tha t the a c t i v i t y term may be 
n e g l e c t e d . I n a c i d s o l u t i o n , however, the a c t i v i t y o f the hydrogen ion 
i s no longer smal l enough to be n e g l e c t e d . 
EGTA i s a t e t r a p r o t i c a c i d fo r which the equat ions f o r the d i s s o ­
c i a t i o n o f protons and the r e s p e c t i v e equat ions fo r a c i d i t y cons tan t s are 
H.EGTA T» H 0EGTA + H 4 ^ 3 (4-3) 
a ^ [H 3EGTA ] 
(4-4) [H.EGTA] 
H EGTA" £ H EGTA + H + (4-5) 
a ^ [ H 2 E G T A 2 ~ ] 
[ H 3 E G T A - ] (4-6) 
H EGTA 2 " £ HEGTA 3 " + H + (4-7) 
a H + [HEGTA 3 " ] 
[ H 2 E G T A 2 " ] 
(4-8) 
HEGTA £ EGTA + H + (4-9) 
a R + [ E G T A 4 " ] 
[HEGTA 3 " ] 
(4-10) 
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6 S i n c e i s so much l a r g e r than (by a f a c t o r o f 10 ) , and 
K2 may be cons idered independent o f Kg and K ^ . Thus, the EGTA system, 
a f t e r n e u t r a l i z a t i o n o f the f i r s t two p ro tons , may be t r ea t ed as a d i p r o -
t i c a c i d . To c a l c u l a t e the a c i d i t y c o n s t a n t s , K^ and K ^ , Bjer rum's case 
fo r a d i p r o t i c a c i d i s used. 
r a t i o o f the a s s o c i a t i o n cons tan t s fo r a s s o c i a t i o n o f the f i r s t proton to 
a s s o c i a t i o n o f the second proton should be equal to f o u r . This r a t i o , 
however, i s dependent upon o ther e f f e c t s , a l s o , and i s de f ined as 
where X i s c a l l e d the spreading f a c t o r and separa tes the r e a l case from 
the s t a t i s t i c a l c a s e . 
The r e l a t i o n o f n to the proton a s s o c i a t i o n cons tan t s and hydrogen 
ion a c t i v i t y i s 
Cons ide r ing on ly s t a t i s t i c a l e f f e c t s f o r a d i p r o t i c a c i d , the 
0 
(4-11) 
n = (4-12) 
For n = 1, Equat ion (4-12) s i m p l i f i e s to 
1 (4-13) 
or 
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log k 1 k 2 = - l o g = pH (4-14) 
S u b s t i t u t i o n o f Equa t ion (4-13) i n to Equa t ion (4-12) g i v e s 
-
 2 x < k i k 2 > 1 / 2 v + 2 k l k 2 a H + 
n = - —2 2 (4-15) 1 + 2 X ( k x k 2 ) " y t 
I f n i s p l o t t e d a g a i n s t pH, the s lope o f n = 1 w i l l be 
dpH ~ X + 1 
Rearrangement o f (4-11) y i e l d s 
-0.4343 -£§r = ~ ~ 7" (4-16) 
k x = 2 X ( k x k 2 ) 1 / 2 (4-17) 
and 
1/2 
k 2 = - y — < 4- 1 8> 
The a s s o c i a t i o n cons tan t s may now be c a l c u l a t e d . The d i s s o c i a t i o n or 
a c i d i t y cons tan t s a re c a l c u l a t e d by t ak ing the r e c i p r o c a l o f the c o r ­
responding a s s o c i a t i o n c o n s t a n t s . 
F igu re 6 e x h i b i t s the t i t r a t i o n o f EGTA wi th TMAOH. The three 
curves represent the presence of d i f f e r e n t concen t r a t i ons o f potassium 
39 
1 2 . 0 0 1 
p H 
1 1 . 0 0 " 
1 0 . 0 0 -
9 . 0 0 -
8 . 0 0 -
7 . 0 0 -
6 . 0 0 " 
5 . 0 0 -
1 . 4 x 1 0 " " ^ F KNO3 
7 0 x 1 0 ~ 3 E K N O 3 
No KNO 
4 . 0 0 H 
3 . 0 0 -
2 . 0 0 — r ~ 
1.5 
l 
2 . 0 
"" I 
2 . 5 1 . 0 
— 1 — 
3 . 0 
— 1 
35 
y 
1 
4.0 
F i g u r e 6 . T i t r a t i o n Curves fo r EGTA wi th Vary ing 
Potassium N i t r a t e Concen t r a t ion 
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n i t r a t e . In each o f the curves i t can be seen tha t there a re two i n f l e c ­
t i o n p o i n t s - - a l a r g e one corresponding to the n e u t r a l i z a t i o n o f the s e c ­
ond proton and a smal l one d e s i g n a t i n g tha t o f the four th pro ton . 
In the pH reg ion between the two equ iva lence p o i n t s , the maximum 
number o f protons on the molecule i s two. Thus, i t i s t h i s system tha t 
i s s tud ied to c a l c u l a t e cons tan t s K„ and K . . In s o l u t i o n s c o n t a i n i n g 
3 4 
potass ium i o n , the c o n s t a n t s , and K ^ , are changed i n va lue and are 
c a l l e d K ' and K. 1 . The l a t t e r cons tan t s a re d e a l t w i th below. 3 4 
Potassium-EGTA Formation Constants 
Equat ion (2-11) expresses the a c i d i t y cons tan t fo r a s o l u t i o n con­
t a i n i n g a weak complex and a p o l y p r o t i c a c i d . For the potassium-EGTA 
system 
a^ / [ H E G T A 3 " ] + [KHEGTA 2 " ]^ 
K ' = 3 L (4-19) 
[HEGTA ] 
and 
a / [ E G T A 4 " ] + [ K E G T A 3 " ] ) 
K ' = 3 L (4-20) 
[HEGTA " ] 
assuming no b ime ta l complexes are formed. The equat ions fo r the complex­
ing o f potass ium by EGTA and the r e s p e c t i v e formation cons tan t s a re 
K t + HEGTA 3 " ^ KHEGTA2 (4-21) 
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C = [ K H E G T a 2 ; ] (4-22) 
^ [K+] [HEGTA ~ ] 
,+• — . 4 - . „ 3-K"1" + EGTA £ KEGTA (4-23) 
L j K E G T A f X
 ( 4 . 2 4 ) 
[K+][EGTA ] . 
where L stands for the l i g a n d EGTA. I f Equat ions (4 -22) , ( 4 -24 ) , ( 4 - 8 ) , 
and (4-10) a re s u b s t i t u t e d in to Equat ions (4-19) and (4 -20) , i t can be 
seen tha t 
K 3 = K 3 + C S t K + l < 4 " 2 5 > 
and 
K i = — ^ T 5 '• < 4 " 2 6 > 
4 1
 + C 
In F i g u r e 6 the r e s u l t s o f t i t r a t i o n s wi th va ry ing amounts o f 
potassium n i t r a t e present a re shown. At any g iven amount o f TMAOH above 
pH 7, i t can be seen tha t the pH i s lowered wi th the a d d i t i o n o f potassium 
n i t r a t e . 
HL L 
To c a l c u l a t e the cons tan t s A N C * ^KL T ^ 1 6 a c ^ i - t y cons tan t s 
and must f i r s t be c a l c u l a t e d for the systems c o n t a i n i n g potass ium ion 
us ing the spreading f a c t o r method. Constants and a re c a l c u l a t e d 
i n the same way fo r the system con ta in ing no potassium i o n . For any o f 
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the t i t r a t i o n s , va lues are taken from the pH curve in the range between 
n = 2 and n = 0 and p l o t t e d versus pH. The s lope i s found a t n = 1 and 
used to c a l c u l a t e the spreading f a c t o r v i a Equat ion (4 -16) . Then the 
spreading f a c t o r i s employed a long wi th the pH a t n = 1 to c a l c u l a t e the 
a s s o c i a t i o n cons tan t s by means o f Equat ions (4-17) and (4 -18) . The a c i d ­
i t y cons tan t s a re then ob ta ined by t ak ing the r e c i p r o c a l o f the c o r r e s ­
ponding a s s o c i a t i o n c o n s t a n t s . I t was found tha t the n" versus pH p l o t 
was a s t r a i g h t l i n e in the range n = 1/2 to n = 3 / 2 . Thus the f i n d i n g o f 
the s lope o f the p l o t a t n = 1 posed no problem. 
HL L 
The c a l c u l a t i o n s o f and were done wi th a computer because 
the c o n c e n t r a t i o n o f potass ium ion has to be co r r ec t ed for complexat ion 
wi th the EGTA, a process tha t requ i res time consuming r e i t e r a t i o n s . 
The program was based on the idea o f a c y c l i c c a l c u l a t i o n i n v o l v ­
ing s u c c e s s i v e approx imat ions . For a s i n g l e c a l c u l a t i o n the pH a t n = 
1/2, n = 1, and n = 3/2 was i npu t t ed . The Bjerrum c a l c u l a t i o n was then 
p H 3 / 2 " p H l / 2 
made us ing the s l o p e , j , to c a l c u l a t e X . As mentioned e a r ­
l i e r , as many as 20 po in t s had .been p l o t t e d manually and gave the same 
r e s u l t s as the three po in t p l o t . This par t o f the program c a l c u l a t e d the 
HL 
a c i d i t y c o n s t a n t s . Equat ions (4-25) and (4-26) were so lved for and 
r e s p e c t i v e l y and were used to c a l c u l a t e these c o n s t a n t s . In the f i r s t 
KL 
c y c l e through t h i s par t o f the program, the formal c o n c e n t r a t i o n o f 
potassium ion was used fo r c a l c u l a t i o n of the complexi ty c o n s t a n t s . 
To account for the potassium ion which was complexed, a c o r r e c ­
t i o n had to be made. Equat ions (4-22) and (4-24) were used to c a l c u l a t e 
HL L 
the potassium ion concen t r a t i on us ing the va lues fo r and K ^ which 
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were c a l c u l a t e d p r e v i o u s l y in the program. The co r r ec t ed potass ium ion 
c o n c e n t r a t i o n was then app l i ed in the r e c a l c u l a t i o n o f the cormation 
c o n s t a n t s . The c y c l i n g was cont inued u n t i l the c a l c u l a t e d potass ium ion 
c o n c e n t r a t i o n was equal to the c o n c e n t r a t i o n c a l c u l a t e d in the p rev ious 
c y c l e . At t h i s po in t the r e s u l t s were p r i n t ed ou t . F i f t e e n to 20 
c y c l e s were g e n e r a l l y requ i red fo r the complete c a l c u l a t i o n . A p r i n t ­
out o f the program i s shown i n Appendix I I . 
The r e s u l t s o f the pH-lowering method were used to e v a l u a t e both 
the response o f the i o n - s e l e c t i v e e l e c t r o d e i n the t e s t s o l u t i o n s , and 
the method i n which t h i s e l e c t r o d e was used . D u p l i c a t e s of the potass ium 
ion c o n t a i n i n g samples s tud ied by the pH-lowering technique were employed 
fo r the de te rmina t ion o f potassium ion us ing the i o n - s e l e c t i v e e l e c t r o d e . 
S i n c e the potass ium ion c o n c e n t r a t i o n was c a l c u l a t e d a t n = 1/2 and n = 
3 / 2 by the computer program, these concen t r a t ions could be compared to 
those determined wi th the i o n - s e l e c t i v e e l e c t r o d e a t the corresponding 
p o i n t s . Thus, i f these v a l u e s from both methods agreed , i t cou ld be s a i d 
tha t the c a l i b r a t i o n - p l o t method fo r employing the i o n - s e l e c t i v e e l e c ­
t rode was s u f f i c i e n t fo r the purposes o f t h i s work. 
I n Table 1 the r e s u l t s o f two methods are compared. The c l o s e 
agreement o f these r e s u l t s appears to v a l i d a t e the assumption tha t the 
methods used were e f f e c t i v e . A l s o , the agreement of these two techniques 
supports the b e l i e f t ha t the va lues o f the cons tan t s c a l c u l a t e d for the 
formation o f the potassium-EGTA complexes are e s s e n t i a l l y c o r r e c t . 
Spec i e s D i s t r i b u t i o n o f Cadmium-EGTA Complexes 
The s p e c i e s d i s t r i b u t i o n fo r the cadmium-EGTA system i s governed 
Table 1* Data and R e s u l t s fo r the T i t r a t i o n o f EGTA in the Presence o f Varying Amounts 
o f KNO_ Us ing the pH-Lower ing Technique and the I o n - S e l e c t i v e E l e c t r o d e 
pH-Lowering Technique 
n PH CEGTA X 10
3 
c K x i o 3 [K+] , X 10 3 L J c a l c 
0.50 9.78 6.54 7.46 6.36 1.50 ± .05. 
0.50 9.75 6.54 4.8 12.8 1.48 ± .05 
1.50 8.91 6.94 7.75 6.93 1.28 ± .05 
1.50 8.88 6.94 15.5 14.1 1.23 ± .05 
I o n - S e l e c t i v e E l ec t rode 
n pH CEGTA X 10
3 
c K x i o 3 [K +Us x 1 q 3 
0.50 9.78 6.54 7.46 6.42 
0.50 9.75 6.54 1.48 12.7 
1.50 8.91 6.94 7.75 6.90 
1.50 8.88 6.94 15.5 14.0 
-P-
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by a number o f f a c t o r s which i nc lude pH and the magnitude o f the forma­
t i o n c o n s t a n t s . I gno r ing ion p a i r i n g and potassium-EGTA complex forma­
t i o n , the equat ions for the formation o f the s e v e r a l cadmium-EGTA com­
p lexes and t h e i r r e s p e c t i v e format ion cons tan t s are 
H 2 E G T A 2 " + C d 2 + 5+ Cd(H 2EGTA) (4-27) 
H 2 L [Cd(HEGTA)] 
K F H H T = 2T~^ O— < 4 - 2 8 > 
C d H 2 L [ C d 2 + ] [ H 2 E G T A 2 " ] 
HEGTA 3 ' + C d 2 + 4* Cd (HEGTA) ~ (4-29) 
K H L = [Cd (HEGTA)'] } 
C d H L
 [ C d 2 + ] [ H E G T A 3 - ] 
EGTA 4 " + C d 2 + 5+ C d ( E G T A ) 2 - (4-31) 
L
 =
 [ C d ( E G T A ) 2 - ] , 
C d L
 [ C d 2 + ] [ E G T A 4 " ] ( 4 3 > 
The a c i d i t y cons t an t s fo r the protonated forms are g iven by 
Cd(H 2EGTA) 4* H + + Cd (HEGTA)" (4-33) 
a R + [Cd(HEGTA)"] 
K l [Cd,(H 2EGTA)] (4-34) 
Cd (HEGTA)" 5+ H + + C d ( E G T A ) 2 - (4-35) 
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[Cd(EGTA) 2 " ] 
K ' = [Cd(HEGTA)"] (4-36) 
The c a l c u l a t i o n o f the r e l a t i v e d i s t r i b u t i o n o f the v a r i o u s spec i e s 
present a t a g iven pH requ i r e s the knowledge o f the above formation con­
s t a n t s and a c i d i t y c o n s t a n t s . S ince in t h i s study o f the r e l a t i v e d i s ­
t r i b u t i o n o f the s p e c i e s j u s t a genera l p i c t u r e o f the system was d e s i r e d , 
only the a c i d i t y cons t an t s Kj and were c a l c u l a t e d from exper imenta l 
d a t a . The v a l u e for K j was taken from t a b l e s l i s t e d by Schwarzenbach 
IJUXJ 
H 2 L HL (23) and the o ther formation c o n s t a n t s , K_ , u and K_,, , were c a l c u -
L i C l n ^ L L / d r i L 
l a t e d from the der ived e x p r e s s i o n s . 
In the cadmium-EGTA system the formal c o n c e n t r a t i o n o f EGTA may be 
expressed as 
i f the complexes Cd(H 3 EGTA)+ and Cd(H^EGTA) + are cons idered to be present 
in n e g l i g i b l e amounts. The concen t r a t i on o f the complex s p e c i e s a lone 
may be expressed as 
(4-37) 
+[HEGTA ] +[EGTA] + [Cd(H 0 EGTA)] 
+[Cd(HEGTA)"] + [Cd(EGTA) 2 " ] 
C , = [Cd(H 0 EGTA)] + [Cd(HEGTA)"] + [Cd(EGTA) 2 " ] (4-38) 
complex 2 
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s u b s t i t u t i o n o f Equat ions (4-34) and (4-36) i n t o Equat ion (4-38) y i e l d s 
K 1 [Cd(H EGTA)] K ' K ' [Cd(H EGTA)] 
C . = [Cd(H 0EGTA) ] + — - + 1 1 (4-39) 
complex 2 ' . a „_ i_ 2 v 7 
v 
The r e l a t i v e d i s t r i b u t i o n s o f the complex s p e c i e s may now be c a l c u l a t e d 
for any pH. 
C a l c u l a t i o n o f the cons t an t s K,' and K ' were made us ing the Bjerrum 
1 2 
technique mentioned e a r l i e r in t h i s chap te r . S o l u t i o n s used fo r the study 
o f the a c i d i t y cons t an t s o f the mono- and d i -p ro tona ted cons t an t s con­
s i s t e d o f 0.008 F cadmium and 0.007 F EGTA. No c o m p l e x e s o f p r o t o n a t i o n 
h i g h e r than two were assumed to e x i s t . Thus, the s i t u a t i o n i s tha t o f a 
weak d i p r o t i c a c i d and a l lows use o f the Bjerrum c a l c u l a t i o n s . In a 
t i t r a t i o n o f these s o l u t i o n s the a c i d i t y o f the protonated complexes w i l l 
be evidenced p h y s i c a l l y by a d e f i n i t e s lope in the t i t r a t i o n curve before 
the i n f l e c t i o n p o i n t . In F igu re 7 such a t i t r a t i o n curve i s shown. A 
comparison o f c a l c u l a t e d here wi th the v a l u e o f g iven by Ringbom 
(24) sugges ted tha t the method was a p p l i c a b l e and a c o r r e c t v a l u e had been 
c a l c u l a t e d . Ringbom l i s t s a l og v a l u e o f -3 .5 for wh i l e our v a l u e was 
determined to be - 3 . 2 . S ince the v a l u e given by Ringbom was c a l c u l a t e d 
a t an i o n i c s t r eng th o f 0.1 and the i o n i c s t r eng th o f the sample here was 
approximately 0 . 0 2 , the d i f f e r e n c e in cons t an t s i s r e a s o n a b l e . For K j 
a log v a l u e o f -2 .8 was determined. I t was expected tha t K j and 
would be o f comparable s i z e s i n c e the corresponding c o n s t a n t s , and 
( p e r t a i n i n g to the unme ta l l i zed a c i d ) , are almost e q u a l . 
In F igure 8 the r e l a t i v e d i s t r i b u t i o n o f complex s p e c i e s i s shown 
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F i g u r e 7. T i t r a t i o n Curve for the Cadmium-EGTA System 
Figu re 8. R e l a t i o n o f Spec i e s D i s t r i b u t i o n to Current Lowering 
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for the range 2.5 ^ pH ^  4.5. It should be noted that above pH 3.5 the 
unprotonated complex is the dominant species. Although this series of 
distribution curves does not show how much of the cadmium is complexed, 
it does give insight into which species are present at various pH levels. 
Cadmium-EGTA-Potassium Ion Pairs 
As mentioned earlier, it had been assumed that ion-pair formation 
would affect the acidity of a protonated cadmium-EGTA complex to an ex­
tent sufficient for pH-lowering effects to be observed. Assuming a 
purely electrostatic type of interaction to be the driving force for ion 
pair formation, the acidity of a protonated complex K[Cd(HxEGTA)]^ x^ 
should be increased slightly, due to the increased charge on the species. 
Accordingly, the formation of a bond stronger than in a mixed-metal com­
plex, should increase the acidity even more than it is by the electro­
static interaction. Thus, if pH lowering could be observed, not only the 
extent of ion pairing could be evaluated, but also hypotheses could be 
made concerning the type of bonding between the potassium and the EGTA 
complex. If a mixed-metal type of complex were formed, one would expect 
pH-lowering effects to be about as great as those due to the potassium-
EGTA complex formation; the pH-lowering would occur in the region of the 
last two equivalence points in the titration of the complex. 
In Figure 7 the titration curve for the cadmium-EGTA complex is 
shown. If Figure 7 is compared to Figure 6 it can be seen that the inflec 
tion point in the titration of the cadmium-EGTA complex corresponds to the 
second inflection point in the titration of the metal-free EGTA. It can 
also be seen that in Figure 7 no significant pH lowering occurs. The 
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f a c t tha t no pH lowering occurs can be exp l a ined i n two ways. F i r s t , i t 
can be s a f e l y s a i d tha t i o n - p a i r fo rmat ion , i f p re sen t , does not enhance 
the a c i d i t y o f the protonated cadmium-EGTA complexes to an ex t en t t ha t i s 
measurable wi th the techniques employed. Thus, s i n c e no pH lowering was 
observed , no i n d i c a t i o n s are present to support the bonding hypo theses . 
In defense o f the method used , one may po in t out t ha t very s t rong com­
p l e x e s such as the cadmium-EGTA complex have such an e f f e c t on the a c i d 
tha t any e f f e c t s on pH due to a second weakly bonded meta l are unobserv-
a b l e . I t i s p o s s i b l e tha t i o n - p a i r i n g wi th the protonated complexes o f 
cadmium-EGTA does not e x i s t . Th i s s ta tement , however, i s not s u b s t a n t i ­
a ted by the c a t i o n e l e c t r o d e s t u d i e s presented below or by the p o l a r o ­
graphic a n a l y s i s o f the system which w i l l be d i s cus sed l a t e r . Of cou r se , 
no pH-lowering e f f e c t s can be seen beyond the i n f l e c t i o n po in t in the 
t i t r a t i o n s i n c e a l l four a c i d groups are comple te ly n e u t r a l i z e d at t h i s 
p o i n t . ^ 
S ince p H - t i t r a t i o n techniques d id not show any evidence o f ion 
p a i r fo rmat ion , the i o n - s e l e c t i v e e l e c t r o d e was employed. The experiments 
to study ion p a i r formation were performed in e s s e n t i a l l y the same way as 
to evidence potassium-EGTA complexa t ion . Due to the s e n s i t i v i t y o f the 
e l e c t r o d e for hydrogen i o n , however, no measurements cou ld be made below 
pH 5 . Consequen t ly , measurements were performed in s o l u t i o n s which con-
2 -
t a ined predominant ly the Cd(EGTA) complex. Thus, i t was not p o s s i b l e to 
determine any ion p a i r i n g for protonated cadmium-EGTA complexes . As w i l l 
be shown l a t e r , the ex ten t o f ion p a i r i n g between potassium ion and the 
2 -
Cd(EGTA) s p e c i e s was s u r p r i s i n g l y l a r g e , a f a c t tha t l eads to the 
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assumption tha t the protonated cadmium-EGTA s p e c i e s i s probably a l s o 
i n v o l v e d in ion p a i r i n g . 
S o l u t i o n s were s tud ied which con ta ined v a r y i n g amounts o f potassium 
n i t r a t e . The EGTA concen t r a t i on was kept cons tan t and cadmium ion was 
present i n s l i g h t excess to prevent e r ro r s stemming from e x c e s s i v e forma­
t i o n o f potassium-EGTA complexes . Po t en t i ome t r i c measurements were made 
a t v a r i o u s i n t e r v a l s above pH 5. Tetramethy1 ammonium hydroxide was used 
as the t i t r a n t . I n t e r f e r e n c e from the tetramethylammonium ion was m i n i ­
mal (see Chapter I I I ) . C a l i b r a t i o n p l o t s were made both before and a f t e r 
each run to determine the ex ten t o f d r i f t i n the i o n - s e l e c t i v e e l e c t r o d e ; 
however, the d r i f t i n po t en t iome t r i c r ead ings .during one run was not 
n o t i c e a b l e . Over a 24 hour per iod the d r i f t was 1-2 m i l l i v o l t s . 
2 -
The equat ion for the formation o f a potassium-Cd(EGTA) ion p a i r 
and the formation cons tan t are 
K + + C d ( E G T A ) 2 " ^ K + ( C d E G T A ) 2 " (4-40) 
CdL
 =
 [K(CdEGTA)"] 
^
C d L
 [ K + ] [ C d ( E G T A ) 2 _ ] 
CdL 
Equat ion (4-41) was used to c a l c u l a t e the formation c o n s t a n t , K ^ ^ , o f 
the ion p a i r . The m a t e r i a l ba lance equa t ions i n t h i s system fo r p o t a s ­
sium and EGTA, r e s p e c t i v e l y , a t pH > 5.0 are 
C = [ K + ] + [K(CdEGTA)"] (4-42) K 
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CEGTA = [ C d ( E G T A )
2
" ] + [K(CdEGTA)" ] ( 4 - 4 3 ) 
Comb in i ng E q u a t i o n s ( 4 - 4 1 ) , ( 4 - 4 2 ) , and ( 4 - 4 3 ) y i e l d s 
- [ K + ] 
[ K + ]
 [ C E G T A - ^ C K - [ K + ] > " 
( 4 - 4 4 ) 
I n E q u a t i o n ( 4 - 4 4 ) t h e p o s s i b i l i t y o f more t h a n one p o t a s s i u m i o n 
p a i r e d w i t h t h e comp lex i s o m i t t e d . The i n t e n t o f t h i s wo rk was t o g e t 
m e r e l y a g e n e r a l p i c t u r e f o r t h e deg ree o f i o n p a i r i n g ; t h u s , no e x p e r i ­
ments were r u n a t h i g h e r p o t a s s i u m i o n c o n c e n t r a t i o n s , where such p a i r i n g 
w o u l d r e q u i r e c o n s i d e r a t i o n . 
s e l e c t i v e e l e c t r o d e a r e shown. The r e l e v a n t d a t a were g a t h e r e d o v e r a 
p e r i o d o f t h r e e d a y s , and i n d i c a t e t h a t f r e q u e n t c a l i b r a t i o n o f t h e e l e c ­
t r o d e compensates f o r any d r i f t i n i t s r esponse o v e r l o n g p e r i o d s o f t i m e . 
t r e n d t o w a r d l a r g e r c o n s t a n t s w i t h i n c r e a s i n g pH. Whether o r n o t t h i s 
was due t o e r r o r s i n h e r e n t i n t h e e l e c t r o d e was n o t d e t e r m i n e d . I f , i n 
f a c t , t h e t r e n d i s e x i s t e n t , t h e r e s u l t s p o i n t t o t h e f o r m a t i o n o f a 
m i x e d m e t a l comp lex as t h e d r i v i n g f o r c e i n t h e i o n p a i r f o r m a t i o n . A l ­
though f o r t h e pu rpose o f c a l c u l a t i o n i t was assumed t h a t no p r o t o n a t e d 
complexes e x i s t above pH 5 . 0 , t h e r e i s a d e f i n i t e p r o b a b i l i t y f o r t h e 
e x i s t e n c e o f such s p e c i e s i n t h i s pH r e g i o n . T h i s m i g h t a l l o w f o r t h e 
f a c t t h a t t h e i o n p a i r f o r m a t i o n c o n s t a n t seems s l i g h t l y s t r o n g e r i n t h e 
I n T a b l e 2 t h e r e s u l t s o f t h e i o n p a i r i n g s t u d y v i a t h e i o n -
The r e s u l t s o f t h e i o n p a i r i n g s t u d y seem t o i n d i c a t e a s l i g h t 
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s o l u t i o n s o f h ighe r pH. 
I t i s ev ident i n any case tha t ion p a i r i n g wi th potassium i n the 
cadmium-EGTA system i s p re sen t . S u r p r i s i n g l y , the formation cons tan t o f 
the ion p a i r i s about o n e - h a l f tha t o f the unprotonated potassium-EGTA. 
Th i s f a c t l eads one to suspect t ha t the bonding o f the potassium wi th the 
ion p a i r i s o f a mixed meta l complex t y p e . S ince no pH lowering was 
observed for the system and s ince the p a i r i n g cons tan t was r e l a t i v e l y 
l a r g e , too l a r g e in f a c t for a mere e l e c t r o s t a t i c a t t r a c t i o n , i t may be 
concluded tha t the cadmium has such a l a r g e e f f e c t upon the EGTA a c i d i t y 
tha t weakly bound potassium atoms have no measurable e f f e c t on the a c i d ­
i t y o f EGTA. 
Table 2 . Results of Ion-Pairing Study with the Ion-Selective Electrode 
5 . 8 8 7 . 4 6 6 . 5 4 7 . 2 3 7 . 0 3 1 . 0 
6 . 2 0 7 . 4 6 6 . 5 4 7 . 2 3 7 . 2 0 0 . 8 
9 . 5 0 7 . 4 1 6 . 4 9 7 . 1 7 6 . 8 5 1 . 1 
9 . 5 8 7 . 4 1 6 . 4 9 7 . 1 7 6 . 9 0 1 . 1 
5 . 3 3 1 4 . 9 6 . 5 4 7 . 2 3 1 4 . 0 1 . 1 
5 . 5 2 1 4 . 9 6 . 5 4 7 . 2 3 1 3 . 9 1 . 1 
9 . 5 8 1 4 . 8 6 . 4 9 7 . 1 7 1 3 . 6 1 . 2 
9 . 5 9 1 4 . 8 6 . 4 9 7 . 1 7 1 3 . 5 1 . 2 
U l 
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CHAPTER V 
DETERMINATION OF ELECTROCHEMICAL PARAMETERS 
Polarography 
The cadmium-EGTA system i s not w e l l c h a r a c t e r i z e d p o l a r o g r a p h i c a l l y 
The cadmium-EDTA system, however, has been s tud ied p o l a r o g r a p h i c a l l y (26 ) , 
and r e s u l t s from tha t work i n d i c a t e some of the problems to be expected 
wi th the present system. Two waves are ob ta ined i n po la rog raph ic s t u d i e s 
o f the cadmium-EDTA system. The f i r s t o f these i s w e l l - d e f i n e d wi th 
ha l f -wave p o t e n t i a l o f - 0.63 and i s not pH dependent. Th i s wave i s 
i r r e v e r s i b l e and i s cons idered to be due to the reduc t ion of the cadmium 
freed by d i s s o c i a t i o n o f the complex. The second wave i s i l l - d e f i n e d 
and has a pH dependent ha l f -wave p o t e n t i a l around - 1 . 2 v o l t s . I t i s 
a l s o i r r e v e r s i b l e and i s thought to be due to the d i r e c t r educ t ion o f 
complexed cadmium. 
The cadmium-EGTA system e x h i b i t s s i m i l a r c h a r a c t e r i s t i c s . Above 
pH 2 . 8 , two waves are d e f i n i t e l y in evidence and both are i r r e v e r s i b l e . 
However, the f i r s t wave can be termed q u a s i - r e v e r s i b l e because of i t s 
s teep s l o p e . Both o f the waves are pH dependent as can be seen from the 
genera l shapes o f the polarograms dep ic t ed in F igu re 9. Above pH 2.5 
the current never reaches the d i f f u s i o n - l i m i t e d v a l u e tha t i s a t t a i n e d 
by the aqup-cadmium i o n . The decrease i n current wi th i n c r e a s i n g pH 
i n d i c a t e s tha t complexes are formed which are not r e d u c i b l e a t p o t e n t i a l s 
more p o s i t i v e than tha t for the c a t a l y t i c r educ t ion o f hydrogen i o n . 
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The r a t i o o f the f i n a l cu r ren t s a t v a r i o u s pH to the d i f f u s i o n 
cur ren t a t pH 2.50 g i v e s an i n d i c a t i o n o f the ex ten t of cur ren t r educ t ion 
wi th an i n c r e a s e in pH. Th i s r a t i o i s shown i n r e l a t i o n to the r e l a t i v e 
d i s t r i b u t i o n o f complex s p e c i e s and potassium n i t r a t e c o n c e n t r a t i o n s in 
F i g u r e 8 . From t h i s f i g u r e i t i s apparent tha t the formation of Cd(EGTA) 
i s r e s p o n s i b l e fo r the reduc t ion o f c u r r e n t . I t should be no ted , however, 
t ha t the r a t i o of the t o t a l current i s h ighe r than the r a t i o o f the con­
c e n t r a t i o n o f the protonated complexes to the t o t a l c o n c e n t r a t i o n o f a l l 
complexes . This f a c t i n d i c a t e s tha t the d i s t r i b u t i o n curves p l o t t e d do 
not g i v e an accu ra t e d e s c r i p t i o n o f the system. Below pH 3.5 there i s 
s t i l l some uncomplexed cadmium which g i v e s r i s e to a cur ren t r a t i o above 
tha t p r e d i c t e d by the d i s t r i b u t i o n c u r v e s . Above pH 3.5 the d i s t r i b u t i o n 
curves are probably accu ra t e in d e s c r i b i n g the system. The d i sc repancy 
between the curves at t h i s pH a r i s e s because o f e r ro r i n the assumption 
tha t no s p e c i e s o ther than the protonated complexes are r e d u c i b l e . S i n c e 
the i n d i c a t i o n i s tha t o ther s p e c i e s are be ing reduced, i t can be assumed 
2 -
tha t e i t h e r Cd(EGTA) r e a c t s to a c e r t a i n minute ex ten t or tha t an ion 
2 -
p a i r i n v o l v i n g Cd(EGTA) i s being reduced. 
The r a t i o o f the current a t the f i r s t p l a t e a u to the d i f f u s i o n cu r ­
rent i s p l o t t e d ve r sus pH in r e l a t i o n to s p e c i e s d i s t r i b u t i o n and potassium 
n i t r a t e concen t r a t i on i n F igu re 10. Comparison o f F i g u r e s 8 and 10 pro­
v i d e s some e x p l a n a t i o n s concerning the i n a c c u r a c i e s tha t were cons idered 
above. In F igu re 10, as in F igu re 8 , the cu r ren t s r a t i o a t pH > 3.5 sur ­
passes the v a l u e p r ed i c t ed by the Cd(H 2 EGTA)-Cd(HEGTA)" d i s t r i b u t i o n l i n e . 
In F igure 10, however, at pH > 3.5 t h i s r a t i o i s now about the same as the 
F i g u r e 10. R e l a t i o n o f S p e c i e s D i s t r i b u t i o n t o C u r r e n t 
L o w e r i n g i n t h e F i r s t Waves o f t h e Cadmium-
EGTA System 
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f r a c t i o n o f protonated complexes . Thus, the Cd(EGTA) " does not s i g n i f i ­
c a n t l y c o n t r i b u t e to the current in the f i r s t wave. 
I t should be noted i n both cases tha t i n c r e a s e s in the potass ium 
n i t r a t e concen t r a t i on decrease the current r a t i o s . Th i s i s a s u r p r i s i n g 
e f f e c t s i n c e i t i s expec ted tha t a n e g a t i v e s p e c i e s ( i . e . Cd(HEGTA) ) 
would be r e p e l l e d from the n e g a t i v e l y charged e l e c t r o d e and tha t an i n ­
c rease i n the suppor t ing e l e c t r o l y t e concen t r a t i on should minimize the 
r epu l s ion and i n c r e a s e the cu r r en t . I f a p o s i t i v e s p e c i e s were be ing 
reduced, however, a t t r a c t i o n o f t h i s spec i e s to the e l e c t r o d e i s expected 
due to the e f f e c t s o f the \|fQ p o t e n t i a l (see Equat ion 2 -28 ) . I n t h i s c a s e , 
i n c r e a s e s in the suppor t ing e l e c t r o l y t e concen t r a t i on should minimize the 
a t t r a c t i o n and thereby decrease the cu r r en t . Thus, the decrease i n cu r ­
rent tha t i s observed wi th an i n c r e a s e in potassium n i t r a t e concen t r a t i on 
can p o s s i b l y be exp la ined through c o n s i d e r a t i o n o f a p o s i t i v e l y charged 
ion p a i r . 
The two waves e x h i b i t e d by the system are pH-dependent as can be 
seen from the da ta in Table 3. The cu r ren t s as w e l l as the ha l f -wave 
p o t e n t i a l s are a f f e c t e d by changing the pH. Dependence o f the ha l f -wave 
p o t e n t i a l upon pH can i n d i c a t e not only a change i n the s p e c i e s be ing 
reduced, but a l s o can poin t to a d i f f e r e n t mechanism of e l e c t r o r e d u c t i o n . 
Current changes wi th pH v a r i a t i o n i n d i c a t e a change i n the r a t e o f reduc­
t i o n at the e l e c t r o d e , or a change in the r e d u c i b l e s p e c i e s . 
P l o t s o f ha l f -wave p o t e n t i a l s ve r sus pH are shown i n F igure 11. 
This type o f p l o t , i f l i n e a r , can g i v e informat ion concerning the number 
of protons i nvo lved in the e l e c t r o d e r e a c t i o n for a r e v e r s i b l e wave. 
Table 3. Cur ren t s and Half-Wave P o t e n t i a l s for the Cadmium-EGTA 
System for Vary ing pH 
c x i o 3 CEGTA X C K N 0 3 - < E 1 / 2 V V ) - ( E l / 2 ) 2 ( v ) i 2 (p,A) 
2.50 2.04 o 0.1 0.58 12.0 12.0 
2.50 2.04 4.04 0.1 0.60 12.0 12.0 
3.00 2.04 4.04 0.1 0.61 0.87 10.2 11.8 
3.50 2.04 4.04 0.1 0.65 1.0 4.6 7.2 
4.00 2.04 4.04 0.1 0.71 1.1 1.7 2 .2 
4.50 2.04 4.04 0.1 0.74 > 1.12 0.6 0.8 
2.50 3.00 3.50 4.00 4.50 
Figu re 11. V a r i a t i o n o f Half-Wave P o t e n t i a l s wi th pH 
63 
I n t h i s c a s e , however, the p l o t s are not l i n e a r and the wave i s i r r e v e r s ­
i b l e ; t h e r e f o r e , the on ly conc lu s ion tha t can be drawn i s t h a t , a l though 
protons are i nvo lved in the e l e c t r o d e r e a c t i o n , the exac t number cannot 
be determined due to the curva ture o f the p l o t . The curva ture o f the 
p l o t s i s probably due to the f a c t that more than one s p e c i e s i s r e d u c i b l e . 
I t i s i n t e r e s t i n g to note tha t the potassium n i t r a t e concen t r a t i on i n f l u ­
ences the pH e f f e c t on the ha l f -wave p o t e n t i a l . 
S ince the aquo-cadmium ion i n potassium n i t r a t e has a ha l f -wave 
p o t e n t i a l o f about -0.58 v o l t s , a l l po la rograph ic work wi th a cadmium 
system i s done on the n e g a t i v e s i d e o f the PZC. Previous s t u d i e s (4) have 
shown tha t the e f f e c t s o f potassium n i t r a t e on the double l a y e r are 
g r e a t e s t a t n e g a t i v e $. The above po la rograph ic s tudy , however, on ly 
cons ide r s ha l f -wave and current phenomena and thus i s q u a l i t a t i v e wi th 
respec t to the e l e c t r o d e r e a c t i o n i t s e l f . E f f e c t s o f the double l a y e r 
cannot be n e g l e c t e d i f a q u a l i t a t i v e study o f the e l e c t r o d e r e a c t i o n i s 
to be undertaken. Fur ther s t u d i e s o f d o u b l e - l a y e r e f f e c t s are presented 
below. 
E f f e c t s o f Charge and S p e c i f i c Adsorpt ion on the E l e c t r i c a l Double Layer 
Drop-t ime Curves 
I n Chapter I I i t was shown tha t the charge on the double l a y e r can 
be r e l a t e d to the i n t e r f a c i a l sur face t ens ion and tha t the l a t t e r can be 
r e l a t e d to the drop time o f the c a p i l l a r y . By measuring the drop-t ime o f 
a m e r c u r y - f i l l e d c a p i l l a r y at a cons tant head over a range o f p o t e n t i a l s 
a l lows the es tab l i shment o f the e l e c t r o c a p i l l a r y maximum or PZC. The 
e l e c t r o c a p i l l a r y maximum should occur a t the p o t e n t i a l at which the 
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i n t e r f a c i a l su r f ace t e n s i o n i s at a maximum; t h e r e f o r e , t h i s po in t c o r r e s ­
ponds to the maximum drop-t ime for a g i v e n se t o f c o n d i t i o n s . 
There are methods for the c a l c u l a t i o n of the su r face t e n s i o n and 
the charge from po la rog raph ic drop-t imes (24) , but these are i n h e r e n t l y 
of low accu racy . Thus, the in format ion gathered from d r o p - t i m e - p o t e n t i a l 
curves could on ly be app l i ed i n a gene ra l way to look fo r a b n o r m a l i t i e s . 
L i t e r a t u r e v a l u e s , which were obta ined by more accura te methods, were 
a v a i l a b l e and were used as the b a s i s for d o u b l e - l a y e r c a l c u l a t i o n s . 
Some t y p i c a l d r o p - t i m e - p o t e n t i a l curves are presented i n F igure 
1.2. From such curves i t cou ld be determined whether any e f f e c t s are p re ­
sent which are more s i g n i f i c a n t than those due t o potass ium n i t r a t e as 
shown by the da ta o f Payne ( 4 ) . As evidenced i n the curves i n F igure 11, 
no s i g n i f i c a n t s u r f a c e - a c t i v i t y e f f e c t s are p re sen t . Due to the l a c k of 
p r e c i s i o n i n the method, however, those by themselves do not present e v i ­
dence to warrant the assumption tha t no s u r f a c e - a c t i v e s p e c i e s are p resen t . 
No attempt was made to l o c a t e the PZC by means o f the drop- t ime-
p o t e n t i a l c u r v e s , s i n c e the apparatus a v a i l a b l e fo r the present work was 
not of s u f f i c i e n t s t a b i l i t y to g i v e adequate r e s u l t s . T y p i c a l e r ro r i n 
the l o c a t i o n o f the PZC was about ± 10 mv from one t r i a l t o the n e x t . 
The important in format ion ga ined , however, was tha t no e f f e c t s 
were seen wi th the a d d i t i o n o f EGTA and cadmium to the potassium n i t r a t e 
s o l u t i o n s . Fur ther proof tha t EGTA and i t s cadmium complexes are not sur ­
face a c t i v e was obta ined from an independent s tudy o f the system u t i l i z i n g 
double -s tep chronocoulometry (25 ) . I n tha t work, n e i t h e r r e a c t a n t s nor 
r e a c t i o n products showed a s i g n i f i c a n t degree o f s p e c i f i c adso rp t ion . I n 
Figure 12. Drop-Time Plots 
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l i g h t o f the agreement i n the r e s u l t s of the two methods, i t was assumed 
t h a t the a d d i t i o n o f cadmium and EGTA i n smal l amounts had very l i t t l e 
e f f e c t upon the double l a y e r i n potass ium n i t r a t e s o l u t i o n s o f a fo rma l ­
i t y g r e a t e r than 0 .05 . 
The •jfg Func t ion 
I n Chapter I I to was expressed as a f u n c t i o n o f cha rge , suppor t ing 
e l e c t r o l y t e c o n c e n t r a t i o n , and su r f ace area of the mercury drop. I f 
t hese parameters are known and i f the suppor t ing e l e c t r o l y t e i s of the 
1 - 1 v a r i e t y , to may be computed from 
to = f S i n h " 1 3 zr-pr ( 6 - 1 ) 
1
 11.75 C 1 
s 
S i n c e i t was concluded tha t the charge , q, o f the double l a y e r de­
pends on ly on the potassium n i t r a t e c o n c e n t r a t i o n , the comprehensive s tudy 
o f the potassium n i t r a t e system by Payne was used to determine the func­
t i o n to ( 4 ) . F igure 13 shows the r e l a t i o n o f to t o n e g a t i v e § p o t e n t i a l s . 
At $ = 0 the charge i s ze ro ; hence , to *-s zero a l s o . This c a l c u l a t i o n o f 
to> however, n e g l e c t s any adsorbed cha rge , q ' , and thus i s not q u i t e 
a c c u r a t e . 
Payne l i s t s da ta r e l a t i n g the cha rge , q, on the e l e c t r o d e to the 
adsorbed cha rge , q ' , due to adsorp t ion o f the n i t r a t e ion on the e l e c t r o d e 
s u r f a c e . The l a t t e r charge must be taken i n t o account i f a more accu ra t e 
r e p r e s e n t a t i o n o f the to f unc t i on i s t o be found. I f a new to f u n c t i o n 
i s formulated as 
F i g u r e 13 . The ty0 Funct ion Uncompensated fo r S p e c i f i c 
Adsorpt ion 
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to = F [ ( q + q ' ) , C ] (6-2) 
s 
compensation for s p e c i f i c a l l y adsorbed charge can be made. 
Us ing the da t a o f Payne, \jr0 v a lue s were c a l c u l a t e d for a l l va lue s 
2 
o f q + q 1 between 0 and -15 [j,C/cm . The l a t t e r were taken from p l o t s of 
q 1 ve rsus q at cons tan t potass ium n i t r a t e concen t r a t ions o f 0.05 F , 0.1 
F , 0.5 F , and 1.0 F . Then va lues for q ' versus $ at cons tan t q were 
u t i l i z e d to f i n d q at va r ious va lues o f $ fo r the above e l e c t r o l y t e s o l u ­
t i o n s . The func t ion ijr0 = F [ ( q + q " ) , Cg3 was then p l o t t e d versus $ for 
the four suppor t ing e l e c t r o l y t e c o n c e n t r a t i o n s . These p l o t s are shown 
i n F igu re 14. 
By comparison o f F igu re s 13 and 14, i t can be seen tha t the spe ­
c i f i c adsorp t ion o f the n i t r a t e a f f e c t s the p o t e n t i a l across the d i f f u s e 
double l a y e r p rofoundly . At $ - 0, i f adsorbed charge i s taken i n t o 
account , \|r0 i s s i g n i f i c a n t l y l e s s than z e r o . At more n e g a t i v e po ten­
t i a l s , however, the d i f f e r e n c e s between the two become l e s s pronounced 
and a t $ below -0 .4 v o l t s , these d i f f e r e n c e s d isappear a l t o g e t h e r . 
I t can be concluded t ha t the smal l adsorpt ion of n i t r a t e on the 
e l e c t r o d e , i f the p o t e n t i a l i s s u f f i c i e n t l y n e g a t i v e , has no e f f e c t upon 
the e l e c t r o d e r e a c t i o n . However, a t p o t e n t i a l s c l o s e to the PZC adsorp­
t i o n e f f e c t s are s i g n i f i c a n t . The e f f e c t o f n i t r a t e adsorp t ion on the 
r a t e of the e l e c t r o d e r e a c t i o n i s due only t o the r e s u l t i n g change i n ijr0 
and no p h y s i c a l b l o c k i n g o f the su r f ace i s thought to occu r . A l s o , s i nce 
the r educ t i on o f the cadmium-EGTA spec i e s occurs at p o t e n t i a l s more nega­
t i v e than the PZC, i n t h i s c a s e , only the r e a c t i o n s at pH l e s s than 3.5 
should be a f f e c t e d by the adsorpt ion of n i t r a t e . 
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On 
Figu re 14, The t 0 Funct ion Compensated fo r S p e c i f i c Adsorpt ion 
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The G i e r s t A n a l y s i s 
S e p a r a t i o n of Components o f P o t e n t i a l 
The r a t i o n a l p o t e n t i a l , $, i s composed o f to» the p o t e n t i a l ac ross 
the d i f f u s e double l a y e r and the p o t e n t i a l across the compact double 
l a y e r . The d r i v i n g fo rce o f the r e a c t i o n , cannot be measured, but 
to can be c a l c u l a t e d from e l e c t r o c a p i l l a r y da ta and $ can be measured 
e x p e r i m e n t a l l y . The G i e r s t method of a n a l y s i s (3) uses two p o t e n t i a l s , 
to a n d for o b t a i n i n g e l e c t r o c h e m i c a l parameters . 
For an e l e c t r o c h e m i c a l r e a c t i o n i n which the apparent r a t e , V * , i s 
a f u n c t i o n of both to a n d » the Frumkin (19) equa t ion desc r ibes the r e ­
l a t i o n between the p o t e n t i a l s and V * . 
= V° [exp ( - o n f $ ! ) ] exp ( - z f t o ) (6-3) 
o 
At 25 C , Equat ion (6-3) can be rearranged to 
0.0591 log V* = 0.0591 log V° - am$ ! - zto (6-4) 
The apparent r a t e , V * , was de f ined e m p i r i c a l l y i n Chapter I I as 
(6-5) 
where x i s the r a t i o of measured current to the d i f f u s i o n cu r r en t . 
S ince the d i f f u s i o n - l i m i t e d current was on ly reached i n s o l u t i o n s of pH 
2 . 5 , t h i s d i f f u s i o n was used i n a l l c a l c u l a t i o n s of V * . A computer p ro -
71 
gram developed by H i g g i n s (26) , which al lowed the c a l c u l a t i o n o f V * as 
w e l l as c a l c u l a t i o n of other e l e c t r o c h e m i c a l parameters , was used . The 
p r i n t - o u t of pe r t i nen t pa r t s o f t h i s program i s l i s t e d i n Appendix I I I . 
From i n s p e c t i o n of Equat ion (6-4) i t i s ev ident tha t g r a p h i c a l 
p r e s e n t a t i o n w i l l a l low the s epa ra t i on of ty0 a n d e f f e c t s . Thus, a 
p l o t of 0.0591 log V* .ve r sus ty0 fo r cons tan t $' w i l l a l l ow z to be found, 
and a p l o t o f 0.0591 log V * versus $' fo r cons tan t ty0 w i l l g i v e on. Once 
z and on have been determined, the t rue r a t e , V ° , can be c a l c u l a t e d . 
The a c t u a l g r a p h i c a l c o n s t r u c t i o n was performed i n the f o l l o w i n g 
manner. P l o t s o f 0.0591 log V* versus § were made from po l a rog raph i c 
da ta from s e v e r a l s o l u t i o n s tha t d i f f e r e d on ly i n the c o n c e n t r a t i o n of 
the suppor t ing e l e c t r o l y t e . S i n c e the r a t i o o f the concen t r a t i ons o f 
suppor t ing e l e c t r o l y t e and r e d u c i b l e s p e c i e s was at l e a s t 25 :1 , the 
s t r u c t u r e o f the double l aye r may be assumed to be c o n t r o l l e d by the sup­
p o r t i n g e l e c t r o l y t e . P l o t s o f ty0 ve rsus § fo r the s e v e r a l suppor t ing 
e l e c t r o l y t e s were made on the same sheet with the V* = F ( § , C ) p l o t s . 
s 
The former curves were put at the bottom of the sheet wi th i d e n t i c a l 
s c a l i n g so tha t no over lap o f the curves of the ty0 = F ( § , C ) and V * = 
s 
F ( § , C ) func t ions occurred (see F igure 15 ) . 
s 
L ines were drawn on the ty0 = F ( § , C g ) p l o t from the po in t s (ty0 = 
0, § ) , a t a s lope of n e g a t i v e u n i t y , t o the § a x i s . Along these l i n e s 
$' i s cons t an t . The po in t s of i n t e r s e c t i o n o f the cons tan t $' l i n e s wi th 
the ty0 = F ( § , C ) curves were then t r ans f e r r ed to the V* = F ( § , C ) curves s s 
a t the corresponding ( § , C g ) p o i n t s . Thus, fo r any cons tan t $' l i n e , 
there were as many i n t e r s e c t i o n s as there were s o l u t i o n s . These po in t s 
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on the V* = F ( § , C ) curves form a l i n e , V* = F( to)> wi th a s lope o f - z . 
s 
I f the V * = F(\|fo) l i n e s are extended to reach the po in t s ( t 0 = 0> $) > 
these p o i n t s form another l i n e , V* = F ( § ' ) , which has a s lope o f -on . 
The i n t e r c e p t of the l a t t e r l i n e wi th the 0.0591 log V* a x i s i s the 
po in t (0.0591 l o g V ° , $ = 0) which g i v e s the t rue r a t e constant fo r the 
e l e c t r o d e r e a c t i o n i n the absence o f d o u b l e - l a y e r e f f e c t s . 
A s i m i l a r c o n s t r u c t i o n was used to check both the da t a and the 
method. I f po in t s on the to = F ( § , C ) curves are taken at cons tan t to 
s 
and t r ans f e r r ed to the corresponding V* = F ( § , C ) p l o t s , a l i n e , V * = 
G ( $ ' ) , i s generated which has a s lope o f -on and an i n t e r c e p t wi th the 
0.0591 l og V* a x i s o f (0.0591 V * - z'to, $ = 0 ) . 
Although the V * = F ( § , C ) and to = F ( § > c ) curves may be drawn 
s s 
on the same graph, i t was found t h a t , by hav ing one separa te se t o f 
to = F ( $ , C g ) working c u r v e s , the p r e c i s i o n o f the r e s u l t s o f the con­
s t r u c t i o n s on the V* = F ( $ , C ) curves was i n c r e a s e d . 
' s 
The G i e r s t a n a l y s i s was performed on p o l a r o g r a p h i c da t a gathered on 
s o l u t i o n s be ing 0.05 F , 0.01 F , 0.5 F , and 1.0 F i n potass ium n i t r a t e . 
Each s o l u t i o n was run at pH 's o f 2.50, 3.00, 3.50, 4.00, and 4 .50. The 
pH was ad jus ted wi th 1 F potass ium hydroxide and/or 1 F n i t r i c a c i d . A l l 
-3 -3 
s o l u t i o n s were 2.04 X 10 F i n cadmium and 4.04 x 10 F i n EGTA. 
The G i e r s t a n a l y s i s was i n i t i a l l y performed under the assumption 
tha t no s p e c i f i c adsorp t ion of the suppor t ing e l e c t r o l y t e i s p re sen t . 
The s tudy of Payne, however, showed tha t s p e c i f i c adsorp t ion of the n i t r a t e 
ion does occur . Thus, c o r r e c t i o n s i n the va lue of to had to be made as 
shown e a r l i e r i n t h i s chap te r . C o r r e c t i o n s i n the to p o t e n t i a l were on ly 
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s i g n i f i c a n t when ope ra t ing c l o s e to the PZC; however, s i n c e the r e d u c t i o n 
o f cadmium-EGTA occurs a t more n e g a t i v e v a l u e s o f $, compensation o f \|r0 
fo r s p e c i f i c adsorp t ion i s o f ques t i onab le u s e , and only minor changes 
were noted between co r r ec t ed and uncor rec ted p l o t s . A l l G i e r s t p l o t s , 
however, were made u s i n g co r r ec t ed v a l u e s . 
Al though at f i r s t the v a l u e of z was thought by G i e r s t to be the 
charge on the e l e c t r o a c t i v e s p e c i e s , Frumkin (19) has shown tha t i t i s 
i n s t ead the charge on the s p e c i e s brought to the outer Helmholz p lane 
from the bu lk o f the s o l u t i o n . I n view of the f a c t tha t i o n - p a i r i n g 
s t u d i e s by other methods a l s o are concerned wi th the spec i e s i n the bu lk 
o f the s o l u t i o n , t h i s p o r t i o n o f the G i e r s t a n a l y s i s o f f e r s an indepen­
dent look at the same phenomenon. 
R e s u l t s 
The G i e r s t p l o t s fo r polarograms obta ined from s o l u t i o n s o f pH 
3 .50 , 4 . 00 , and 4.50 are presented i n F igu re s 15, 16, and 17, r e s p e c ­
t i v e l y . The da t a fo r s o l u t i o n s of pH 2.50 and 3.00 w i l l be t r e a t e d l a t e r 
s i n c e the current v a l u e s fo r a l l suppor t ing e l e c t r o l y t e concen t r a t ions a t 
both o f those pH v a l u e s were i d e n t i c a l w i t h i n exper imenta l e r r o r . 
At pH 3.50, a v a l u e of 0.25 was determined for z . The s lope o f 
both the V* = F ( $ ' ) and V * = G ( § ' ) l i n e s was 0 .031, showing tha t a con­
s i s t e n t va lue was found fo r cm. E x t r a p o l a t i o n o f the V* = F(\|f 0) l i n e to 
$ = 0 gave a va lue o f 4 .9 X 1 0 " 4 cm/sec for V ° . 
At pH 4 . 0 0 , the v a l u e o f z was determined to be 0.19 from the s l ope 
of the V* = F ( $ 0 ) l i n e s . A g a i n , both the V * = F ( $ ' ) and V* = G ( § ' ) l i n e s 
gave i d e n t i c a l v a l u e s of on, but i n t h i s case the va lue was 0 .020. V° was 
determined to be 1.7 X 10 4 cm/sec . 
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At pH 4.50 the r e s u l t s for z and on were i d e n t i c a l t o those a t pH 
4 . 0 0 . Agreement was shown between the V * = F ( § ' ) and V * = G ( § ' ) p l o t s . 
The v a l u e o f V ° , however, was 5.0 X 10 ^ cm/sec . 
D i s c u s s i o n 
The cadmium-EGTA s p e c i e s are reduced when the e l e c t r o d e i s nega­
t i v e l y charged . Thus, fo r a n e g a t i v e s p e c i e s , a r e p u l s i o n from the e l e c ­
t rode i s expected i n s o l u t i o n s of potass ium n i t r a t e c o n c e n t r a t i o n below 
1 F . The e f f e c t of the n e g a t i v e l y charged e l e c t r o d e upon a p o s i t i v e l y 
charged spec i e s i s a t t r a c t i o n to the e l e c t r o d e . I f there i s a dependence 
upon to > however, the expected c o n c e n t r a t i o n o f a spec i e s a t the e l e c t r o d e 
w i l l be i n f luenced by the to p o t e n t i a l as mentioned e a r l i e r i n t h i s chap­
t e r . The r e l a t i o n between the expected c o n c e n t r a t i o n , [ A ] * , o f the e l e c -
t r o a c t i v e spec i e s at the r e a c t i o n p lane to the a c t u a l c o n c e n t r a t i o n [ A ] 0 
i s 
[ A ] Q = [ A ] * exp ( - z f t o ) (6-6) 
Thus , fo r a p o s i t i v e s p e c i e s and a n e g a t i v e to> the va lue o f [ A ] 0 w i l l i n ­
c rease as § becomes more n e g a t i v e , as can be seen i n F igu re s 15, 16, and 
17. The va lue o f z was not expected to be p o s i t i v e for the system, but 
s i n c e i t was evidenced e a r l i e r tha t the i o n - p a i r i n g cons tan t was h i g h e r 
than expec ted , the p o s i t i v e va lue o f z can be r a t i o n a l i z e d . 
Rearrangement of Equat ion (6-4) and combinat ion wi th 
= $ - to (6-7) 
r e s u l t s i n 
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t o = 
0.0591 
cm l o g 5^- + $ ( 6 - 8 ) 
I f the e l e c t r o d e r e a c t i o n i s a f u n c t i o n o f ijf0 o n l y , a p l o t o f ty0 ve rsus $ 
zero s lope fo r t h i s l i n e , however, i n d i c a t e s tha t the e l e c t r o d e r e a c t i o n 
i s a l s o dependent upon $ ' . 
I n F igu re 18 the p l o t s o f ty0 versus $ fo r the s e v e r a l samples are 
shown. Each p l o t i s fo r the same v a l u e o f V * , and va lues were ob ta ined 
by drawing l i n e s o f cons tan t V * through the s t e e p l y r i s i n g po r t i ons o f 
the V * = F(§ ) plots. The abcissa values of the intersects of the constant 
V * l i n e s gave the va lue s o f $ for one p l o t and the t r a n s p o s i t i o n o f each 
o f these v a l u e s to the corresponding ijf0 = F ($ ) curve gave a se t o f c o r r e s ­
ponding ty0 v a l u e s . 
The non-zero s lopes for the p l o t s i n F igu re 18 show tha t V * i s not 
on ly dependent on ty0 but a l s o upon The changes i n s lope wi th pH are 
an i n d i c a t i o n tha t the r e a c t i n g s p e c i e s i s chang ing , as would be expec ted . 
I t i s i n t e r e s t i n g to note tha t the t rue r a t e of the e l e c t r o d e r e a c ­
t i o n , V ° , changes wi th pH, even though at pH 4.00 and 4.50 a and z remain 
cons t an t . The change i n V° i s thought to be due to the changes i n the 
d i s t r i b u t i o n of the r e a c t i n g spec i e s when va ry ing the pH. I t i s not su r ­
p r i s i n g tha t the r a t e cons tant changes even though the r e a c t i n g s p e c i e s 
are the same. 
I n s p e c t i o n o f the G i e r s t p l o t s i n F igu re s 15, 16, and 17 i n d i c a t e s 
t h a t , i n the range represented by the s t e e p l y r i s i n g p o r t i o n , the e l e c t r o d e 
r e a c t i o n i s more dependent on $' than ty0. 
a t cons tan t V* should r e s u l t i n a s t r a i g h t l i n e of zero s l o p e . A non 
0.05 0.09 013 a. 0.17 0.21 ^0 0.23 (volts) 
Figure 18. The R e l a t i o n o f to t o § a t Constant V* 
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At the c rossover po in t i n the p l o t s , the main dependence i s on ty0 as i s 
ev idenced by the smal l v a r i a t i o n of V * wi th $. I n the r i s i n g p o r t i o n o f 
the cu rve , the $' p o t e n t i a l causes the r e d u c t i o n to b e g i n and on ly a t 
s u f f i c i e n t l y n e g a t i v e va lue s o f § does ty0 become important enough to h a l t 
t h i s r i s e . For the remainder of the cu rve , ty0 i s the more s i g n i f i c a n t 
f a c t o r . The dominance o f the ty0 e f f e c t i s thought to be the cause of the 
c rossover p o i n t , s i n c e when ty0 becomes dominant the c o n c e n t r a t i o n of r e ­
d u c i b l e spec i e s a t the e l e c t r o d e su r f ace i s i n f luenced g r e a t l y . 
The va lue o f a, i f n i s assumed to be 2 . 0 , i s q u i t e s m a l l . I n 
o ther work (27) , f a r a d a i c r e c t i f i c a t i o n s tud ie s r e s u l t e d i n the c a l c i i l a -
_3 
t i o n o f 0.12 for ot i n a 10 F cadmium n i t r a t e s o l u t i o n . The suppor t ing 
e l e c t r o l y t e i n tha t work was 1.0 F potassium n i t r a t e . Even though no 
t r u l y v a l i d comparison between v a l u e s o f a fo r the cadmium-EGTA system 
and an uncomplexed cadmium system can be made, i t may be assumed tha t a 
i s s m a l l . I t must be remembered tha t the a v a lue for the cadmium-EGTA 
i s of n e c e s s i t y a composite v a l u e , depending on the r e d u c t i o n of a t l e a s t 
three d i f f e r e n t s p e c i e s . A l s o , the uncomplexed cadmium i o n i s reduced 
r e v e r s i b l y , whereas the cadmium-EGTA complex s p e c i e s are reduced i r r e ­
v e r s i b l y . 
Ion p a i r i n g i s evidenced i n t h i s system by the p o s i t i v e va lue s of 
z . From the d i s t r i b u t i o n curves i n Chapter I V , i t i s ev iden t t h a t , i n 
the pH range s t u d i e d , no cadmium-EGTA s p e c i e s e x i s t s t ha t c a r r i e s a p o s i ­
t i v e cha rge . A l s o , above pH 3 .50, e s s e n t i a l l y a l l the cadmium may be 
assumed to be complexed. The va lues of z cannot be e x p l a i n e d , however, 
wi thout the assumption t h a t more than one potass ium ion i s a s s o c i a t e d 
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wi th a cadmium-EGTA complex i o n . The format ion of complexes such as 
K^Cd(HEGTA) + and K^Cd(EGTA) was not cons idered i n o ther s t u d i e s of the 
system, but i t i s apparent tha t the p r o b a b i l i t y for t h e i r e x i s t e n c e i s 
h i g h . 
D i s s o c i a t i o n of the va r ious cadmium-EGTA complexes i s not thought 
to c o n t r i b u t e to the h i g h v a l u e o f z , s i n c e any uncomplexed cadmium 
brought to the e l e c t r o d e would be reduced at the normal ha l f -wave poten­
t i a l for f r ee cadmium and d i s s o c i a t i o n of the complex i n the double l aye r 
would not have any e f f e c t on the v a l u e o f z obta ined by t h i s method. 
Conc lus ions 
The d i r e c t de te rmina t ion of i on p a i r i n g g i v e n i n Chapter IV gave 
r e s u l t s which showed tha t an ion p a i r i n g cons tan t o f 10 could be c a l c u ­
l a t e d for the format ion of a K(CdEGTA) s p e c i e s . S i n c e tha t work con­
s ide red the format ion o f only one pa i r ed s p e c i e s due to the r e s t r i c t i o n s 
tha t had to be put on the s o l u t i o n for proper response o f the i o n -
s e l e c t i v e e l e c t r o d e , assumptions concerning a d d i t i o n a l i on p a i r s could 
on ly be c o n j e c t u r e d . I n t h i s work, the c o n c e n t r a t i o n o f potassium was 
only twice tha t o f a l l complex forms so tha t p a i r i n g beyond the mono-
potassium form would be d i f f i c u l t to s e e . 
From the r e s u l t s o f the s tudy o f the e l e c t r o c h e m i c a l parameters 
presented i n t h i s chap te r , i t i s ev iden t tha t a h igh degree o f ion p a i r i n g 
e x i s t s i n the system. I n po la rog raph ic work the s o l u t i o n s conta ined up 
to 250 times the c o n c e n t r a t i o n o f potassium ion as was used i n the i o n -
s e l e c t i v e e l e c t r o d e s tudy. Thus, i t i s not unreasonable to expect a d d i ­
t i o n a l i on p a i r s t o be formed and to be o f s i g n i f i c a n t c o n c e n t r a t i o n . 
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The p o s i t i v e v a l u e o f z ob ta ined from the G i e r s t p l o t s can on ly mean tha t 
* 
ion p a i r s such as ^ (CdHEGTA) and ^ ( C d E G T A ) are e x t e n s i v e l y p resen t at 
pH 4 .00 and 4.50 and t ha t K(CdH 2 EGTA) + i s present a t pH 3.50. 
I t can be concluded from t h i s study t ha t i on p a i r i n g o f potass ium 
wi th cadmium complexes of EGTA i s a phenomenon not only o f the e l e c t r o d e 
double l a y e r but a l s o of the bu lk o f the s o l u t i o n . The ex ten t o f ion 
p a i r i n g i n the bu lk o f the s o l u t i o n i s comparable to tha t o f potassium-EGTA 
complexa t ion . A d d i t i o n a l l y , s t u d i e s a t the e l e c t r o d e show that i o n - p a i r 
format ion i s even more e x t e n s i v e i n s o l u t i o n s of h i g h potass ium concen­
t r a t i o n . P o s s i b l y , the h i g h degree of p a i r i n g shown at the e l e c t r o d e i s 
due not on ly t o the h i g h c o n c e n t r a t i o n of potassium i n the bu lk but a l s o 
i s due to the even h i g h e r c o n c e n t r a t i o n o f potass ium a t the r e a c t i o n p lane 
when the e l e c t r o d e i s n e g a t i v e l y charged . 
Sources o f Error 
U n c e r t a i n t y a r i s e s i n any g r a p h i c a l a n a l y s i s from the drawing o f 
the bes t l i n e through a s e t o f p o i n t s . Thus, the va lues fo r on and z 
could be i n e r ro r by as much as 10 pe rcen t . The va lue o f V° i s even more 
s e n s i t i v e to t h i s type o f e r ro r s i n c e i t i s found from an e x t r a p o l a t i o n 
and i s determined as a l o g a r i t h m i c f u n c t i o n . 
The d i f f u s i o n c o e f f i c i e n t used i n a l l cases was tha t c a l c u l a t e d by 
rearrangement o f tlie I l k o v i c e q u a t i o n . The d i f f u s i o n c o e f f i c i e n t was 
then c a l c u l a t e d by s u b s t i t u t i o n o f va lues fo r d i f f u s i o n cu r r en t , mercury 
flow r a t e , and the time e lapsed a t the i n s t a n t of current measurement i n t o 
the rearranged equa t ion . The d i f f u s i o n current was tha t of a s o l u t i o n 
-3 -3 2.04 X 10 F i n cadmium, 4.04 X 10 F i n EGTA, and 1.0 F i n potassium 
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n i t r a t e . The v a l u e for the flow r a t e was c a l c u l a t e d as desc r ibed i n 
Chapter I I I and the measurement o f ins tan taneous cur ren t was 3.00 s e c -
-5 2 
onds a f t e r the f a l l of the prev ious drop. A v a l u e o f 2.87 X 10 cm / s e c 
was ob ta ined fo r the d i f f u s i o n c o e f f i c i e n t and employed i n a l l o ther c a l ­
c u l a t i o n s . Although t h i s d i f f u s i o n c o e f f i c i e n t was n e c e s s a r i l y a com­
p o s i t e f u n c t i o n , i t was b e l i e v e d tha t v a r i a t i o n s from t h i s v a l u e , i f any, 
were s m a l l . Th is va lue was cons idered more accura te than one which cou ld 
be c a l c u l a t e d at h i g h e r pH v a l u e s where a d i f f u s i o n - l i m i t e d cur ren t was 
not ob t a ined . 
The p r e c i s i o n o f p o l a r o g r a p h i c da t a was ± 1.0 mv for p o t e n t i a l s 
and ± 0.02 (iA fo r cu r ren t s as i s u sua l with d . c . po la rography . There was 
no c o r r e c t i o n made for the i n t e r n a l r e s i s t a n c e ( i . e . tha t ac ross the 
double l a y e r ) , a l though the e x t e r n a l c e l l r e s i s t a n c e ( i . e . the IR drop 
ac ross the bu lk of the s o l u t i o n ) was compensated for wi th the p o t e n t i o ­
s t a t c i r c u i t desc r ibed i n Chapter I I I . C o r r e c t i o n s for background current 
were made v i a an e m p i r i c a l equa t ion i n the computer program developed by 
H i g g i n s (26 ) . The r e s u l t s obta ined wi th t h i s equa t ion agreed w e l l wi th 
those from g r a p h i c a l compensation for background cu r ren t . 
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APPENDIX I 
L IST OF SYMBOLS AND ABBREVIATIONS 
L a t i n 
a an a c t i v i t y 
A the e l e c t r o d e s u r f a c e area 
C formal c o n c e n t r a t i o n 
the d i f f e r e n t i a l c a p a c i t a n c e 
t h e i n t e g r a l c a p a c i t a n c e 
D a d i f f u s i o n c o e f f i c i e n t 
E a p o t e n t i a l 
F 
f the r a t i o — K.1 
F Fa raday ' s cons tan t 
k the heterogeneous r a t e cons tan t a t a g i v e n p o t e n t i a l (Chapter I I ) 
k an a s s o c i a t i o n cons tan t (Chapter IV) 
g 
k the s tandard apparent heterogeneous r a t e cons tant 
c l 
K an a c i d i t y cons tan t 
n the number of e l e c t r o n s invo lved i n an e l e c t r o c h e m i c a l r e a c t i o n 
P p e r m e a b i l i t y r a t i o 
q the charge d e n s i t y , ^ 
Q the charge on the e l e c t r o d e 
R the gas cons tan t 
t time 
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L a t i n 
T abso lu t e temperature 
U m o b i l i t y r a t i o 
V p o t e n t i a l ( v o l t s ) 
V * the heterogeneous r a t e cons tan t 
V° the t rue heterogeneous r a t e cons tan t co r r ec t ed for d o u b l e - l a y e r 
e f f e c t s 
x the r a t i o of cur ren t to d i f f u s i o n l i m i t e d cur ren t 
z the charge on any spec i e s 
Greek 
oi the ca thod ic t r a n s f e r c o e f f i c i e n t 
Y the i n t e r f a c i a l su r face t e n s i o n 
e the d i e l e c t r i c cons tant 
§ the r a t i o n a l p o t e n t i a l 
§' the p o t e n t i a l across the compact double l a y e r 
ty0 the p o t e n t i a l across the d i f f u s e double l a y e r 
U n i t s o f Measure 
cm cent imeters 
2 
cm square cen t imeters 
ml m i l l i l i t e r s 
ms m i l l i s e c o n d s 
mv m i l l i v o l t s 
sec seconds 
p,A microamperes 
(JLC microcoulombs 
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A P P E N D I X I I 
W I P L PROGRAM F O R T H E C A L C U L A T I O N OF P O T A S S I U M - E G T A FORMATION CONSTANTS 
1 . 0 1 COMMENT T H I S PROGRAM I S NAMED KEOCALC 
1 . 1 D E C L A R E K l t l O O ] , K 2 [ l 0 0 ] 
1 . 2 D E C L A R E K K [ l O ] , K 3 [ l 0 ] , K 4 [ l 0 ] 
1 . 3 Y = 0 
1 . 4 A C C E P T Z 
1 . 5 A C C E P T P H 1 2 . H 2 2 , P H 3 2 
1 . 6 Y = Y + 1 
2 . 1 K K [ Y ] = ( 1 . 0 0 0 0 0 ) / H 2 2 
2 . 2 DEL=*(0o4343)/(PH12-PH32) 
2 . 3 X = ( 1 - D E L ) / ( D E L ) 
2 . 4 K 4 [ Y ] = ( 1 . 0 0 0 0 ) / ( 2 * X * K K [ Y J ) 
2 . 5 K 3 [ Y ] = ( 2 * X ) / ( K K [ Y ] ) 
2 . 5 5 P R I N T FORM 2 . 5 6 , Y , K K [ Y ] , K 3 [ Y ] , K 4 [ Y ] 
2 . 5 6 FORM Y=& V3==&^§&§&^m Kb=@@d@@d@Q^ 
2 . 5 7 GO TO 2 . 6 
2 . 6 I F ( Y - Z ) 1 . 5 , 3 . 0 1 
3 . 0 1 Y = l 
3 . 0 3 A C C E P T K l [ l ] , K 2 [ l ] 
3 . 0 4 N = l 
3 . 1 KMHL=0 
3 . 1 5 KML=0 
3 . 3 K M H L = ( K 3 [ Y + 1 ] - K 3 [ 1 ] ) / ( K 3 [ I ] * K 1 [ N ] ) 
3 . 4 K M L = ( K 4 [ Y + 1 ] * ( 1 + K 2 [ N ] * K M H L ) - K 4 [ I ] ) / ( K 4 [ I ] * K 2 [ N ] ) 
3 . 5 N = N + 1 
3 . 6 K l [ N ] = ( - 1 . 0 0 0 0 + S O R T ( l + 4 * K M H L * K l [ l ] ) ) / ( 2 * K M H L ) 
3 . 7 K 2 [ N ] = ( - 1 . 0 0 0 0 + S O R T ( l + 4 * K 2 [ l ] * K M L ) ) / ( 2 * K M L ) 
4 . 1 I F ( K l [ N ] - K l [ N - l ] ) 3 . 1 , 5 . 1 , 5 . 1 
4 . 2 I F ( K 2 [ N ] - K 2 [ N - l ] ) 3 . 1 , 5 . 1 , 5 . 1 
4 . 4 S E T KML=LOG10(KML) 
4 . 5 S E T KMHL=LOG10(KMHL) 
5 . 1 P R I N T FORM 5 . 2 , N , K l [ N ] , K 2 [ N ] , L O G I O ( K M L ) , LOGIO(KMHL) 
5 . 2 FORM N=&& K l = = & ^ & ^ & § & ^ K 2 = @ M ^ Q @ ^ KML=&&.&&& KMHL=&&.&&& 
5 . 3 P R I N T FORM 5 . 4 , KML, KMHL 
5 . 4 FORM KML=&6c.&&& KMHL=3c&.&&& 
5 . 5 Y = Y + 1 
5 . 6 I F ( Y - Z ) 3 . 0 3 , 5 . 7 
5 . 7 STOP 
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FORTRAN PROGRAM FOR THE CALCULATION OF ELECTROCHEMICAL PARAMETERS 
C BEGIN TO READ DATA SET OF SEVERAL POLAROGRAMS 
C 
READ ( 1 , 2 3 ) TDATE 
23 FORMAT (8A4) 
100 DO 9 1=1 ,100 
9 MSPACE(I )=1 
READ ( 1 , 3 3 ) T ITLE 
33 FORMAT (20A4) 
READ ( 1 , 3 0 ) TLISTj IGRAPH,MLIST ,MGRAPH,MGCT,MGCH 
30 FORMAT ( 6 ( 9 X , I 1 ) ) 
MC1=1 
M=0 
C 
C READ DATA SET OF A SINGLE POLAROGRAM 108 -101 
C 
108 M=M+1 
READ ( 1 , 1 1 ) ID (M) ,ES(M) ,CM(M) ,CL(M) ,PH(M) ,FLM(M) ,T(M) ,XN,HHG(M) 
11 FORMAT ( I 5 , F 1 0 . 0 , 2 E 1 0 . 0 , 5 F 9 . 0 ) 
I F ( ID (M) .EQ.O) GO TO 450 
I F ( I D ( M ) . E Q . 1 0 0 0 0 ) GO TO 501 
I F ( I D ( M ) . E Q . 2 0 0 0 0 ) GO TO 502 
10 DO 101 J = l , 3 6 , 5 
LL=0 
JJ=J+4 
READ ( 1 , 1 2 ) I D ( M ) , ( C U R R A W ( K ) , E ( K ) , K = J , J J ) 
12 FORMAT ( I 5 , 5 ( 2 F 7 . 0 , 1 X ) ) 
I F ( I D ( M ) ) 5 0 0 , 4 0 0 , 4 0 0 
400 DO 102 K = J , J J 
I F (CURRAW(K))102,103,102 
102 CONTINUE 
101 CONTINUE 
STOP 
C 
C END OF ONE POLAROGRAM 
C FOLLOWING STEPS, I N ORDER, CORRECT FRR BACKGROUND (D) 1 0 4 ) , TEST TO 
C WHETHER REVERSE REACTION I S NEGLIGIBLE, AND DISCARD POINTS TOO CLO 
C L IMIT ING CURRENT AND CALCULATE L IMIT ING CURRENT (D) 114) 
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103 L=K-1 
DO 104 1=1 ,L 
C U R ( I ) = A B S ( C U R R A W ( I ) - ( - 0 . 0 2 - 0 . 1 1 1 * E ( I ) - 0 . 0 2 * E ( I ) * * 3 ) ) 
Z(I)=EXP((XN*38o 9 3 5 ) * ( E ( I ) - E S ( M ) ) ) 
104 CONTINUE 
CURD=CUR(L) 
DIFCUR = 0 
LC = 1 
LD = 0 
DO 114 1=1 ,L 
IF ( Z ( I ) - Z T E S T ) 1 1 2 , 1 1 2 , 1 1 1 
111 LC = I 
112 IF (CUR(I ) - (0 .99*CURD)) 1 1 4 , 1 1 4 , 1 1 3 
113 DIFCUR = DIFCUR + CUR(I) 
LD = LD+1 
114 CONTINUE 
DFCURT(M)=DIFCUR/FLOAT(LD) 
D (M)=(DFCURT 01) / ( 7 0 6 . * 1 0 0 0 . *XN*CM(M) * (FLM(M) **R23) * (T (M) **R16) ) ) * * 
1 2 
D O 1 0 5 1 = 1 , L 
IF (CUR(I)-0o98*DFCURT(M)) 1 1 0 , 1 0 9 , 1 0 9 
109 IF (LL) 5 0 0 , 3 0 0 , 1 1 0 
300 LL=I-1 
LB=I 
110 X ( I ) = CUR (I)/DFCURT (M) 
105 CONTINUE 
DO 200 1 = 1 , L L 
Y(I)=ALGO10(ABS ( ( ( 2 . * X ( I ) ) * ( 3 . - X ( I ) ) ) / ( 5 . * ( 1 . - X ( I ) ) ) ) ) 
200 CONTINUE 
IM=1+(M-1)*50 
DO 201 1 = 1 , 5 0 
WRITE(IO) I M , E ( I ) , C U R ( I ) , X ( I ) 
IM=IM+3 
201 CONTINUE 
C 
C REGRESSION ANALYSIS, IRREVERSIBLE THEORY 
C 
CALL SOMFIT (E,Y,LC,LL,W,B,C,SE2,SE,SY,SYE,SY2) 
WC(M)=W*1. 
ALPHA(M)=ABS r ( 0 .0592*B) /XN) 
EHALF(M)=(-C/B) 
IF (0.1-EHALF(M)+ES(M)) 1 1 7 , 1 1 6 , 1 1 6 
116 XKSO^)=( lVl -35)*( (D(M)/T(M))^0 .5)*EXP((EHAIJ , 0^) -ES(M))*ALPHA(M)* 
1 XN*38.935) 
S 
START OF 
GO TO 118 
117 XKS(M)=0.0 
118 DO 107 1=1,LL 
V S T A R ( I ) = ( ( 8 . * X ( I ) * ( 3 . - X ( I ) ) ) / ( 2 7 . * ( 1 . - X ( I ) ) ) ) * ( ( D ( M ) / T ( M ) ) * * 0 . 5 ) 
FVSTAR ( I ) = ( 1 . / 3 8 . 9 3 5 ) * ALOG (VSTAR(I)) 
YREV(I) = ALOGIO ( X ( I ) / ( 1 - X ( I ) ) ) 
107 CONTINUE 
V T W O = ( ( ( S Y 2 ) - ( S Y * * 2 / W ) ) - ( B * * 2 ) * ( ( S E 2 ) - ( S E * * 2 ) / W ) ) / ( W - 2 ) 
VB(M)=ABS(VTWO/(SE2-((SE**2)/W))) 
V X O = ( A B S ( V T W O / ( B * * 2 ) ) * ( l . + ( l . / W ) + ( ( S Y / W ) * * 2 ) / ( ( B * * 2 ) * ( S E 2 -
1 ( ( S E * * 2 ) / W ) ) ) ) ) 
VEHF(M)=ABS(VXO) 
I=W-2 
IF ( I . G T . 3 2 ) 1=32 
YINTCP=ST(I)*VXO**0.5 
EHALFR(M)=2.*YINTCP 
EHALFS=EHALF (M)+YINTCP 
EHALFT=EHALF (M)-YINTCP 
Y T L T = S T ( I ) * ( A B S ( V T W O ) * * 0 . 5 ) / ( ( S E 2 - ( ( S E * * 2 ) /w ) ) * * 0 . 5 ) 
YSLP(M)=B 
YSLPR(M)=2.*YTLT 
YSLPS=YSLP(M)+YTLT 
YSLPT=YSLP(M)-YTLT 
DO 250 I=LC,LL 
Y F I T ( I ) =SY/W+B*(E( I ) - (SE/W)) 
DELTAY(I) = Y F I T ( I ) - Y ( I ) 
250 CONTINUE 
SUBROUTINE SOMFIT (E,Y,LC,LL,W,B,C,SE2,SE,SY,SYE,SY2) 
DIMENSION E ( 5 0 ) , Y ( 5 0 ) 
INTEGER W 
SE2=O.0 
SE=0.0 
SY=0.0 
SYE=0.0 
SY2=0.0 
W=LL=LC+1 
IF (W-2) 1 1 9 , 1 2 0 , 1 2 1 
119 LC=LC-2 
GO TO 122 
120 LC^LC-1 
122 W=LL-LC+1 
121 DO 106 I=LC,LL 
SE2=SE2+E(I)**2 
SE=SE+E(I) 
SY=SY+Y(I) 
SYE=SYE+Y(I)*E(I) 
SY2 = SY2 + Y ( I ) * * 2 
106 CONTINUE 
C=(SYE*SE-SY*SE2)/(SE**2-(W*SE2)) 
B=(W*SYE-SE*SY ) / ( ( W * S E 2 ) - ( S E * * 2 ) ) 
RETURN 
END 
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FORTRAN PROGRAM FOR THE CALCULATION OF f 
THIS PROGRAM CALCULATES PSI (O) FROM THE THEORETICAL CONSIDERATIONS 
DIMENSION P S I ( 1 0 , 3 0 0 ) ^ ( 1 0 , 3 0 0 ) ,C (100) 
Z=0 
J = l 
JJ=J+6 
READ(5,100) ( C ( K ) , K = J , J J ) 
100 FORMAT ( 7 ( F 1 0 . 0 ) ) 
DO 104 Z = 1 , J J 
C ( Z ) = € ( Z ) * * . 5 
DO 103 Y = l , 3 0 0 
Q ( Z , Y ) = . 1 * ( Y = 1 5 0 ) 
X = Q ( Z , Y ) / ( 1 1 . 7 4 * C ( Z ) ) 
P S I ( Z , Y ) = ( 2 / 3 8 . 9 3 5 ) * A L O G ( X + ( X * * 2 + l ) * * . 5 ) 
103 CONTINUE 
104 CONTINUE 
Z=0 
K = l 
DO 107 
PRINT 105 
105 FORMAT ("0 C PSI Q 1 1) 
C ( Z ) = C ( Z ) * * 2 
DO 108 Y = l , 3 0 0 
PRINT 106 , C ( K ) , P S I ( Z , Y ) , Q (Z ,Y ) 
106 FORMAT (20X, F 5 . 2 , 14X, F 7 . 4 , 14X, F 6 . 2 ) 
108 CONTINUE 
K=K+1 
107 CONTINUE 
STOP 
END 
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